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SUMMARY 

This  report p resen t s  t he  development 
of  an experimental  f l i g h t  t es t  maneuver 
a u t o p i l o t  (FTMAP) f o r  a h igh ly  maneu- 
ve rab le  a i r c r a f t .  The essence of t h i s  
technique is the  a p p l i c a t i o n  of an auto- 
p i l o t  t o  provide p r e c i s e  control dur ing  
r equ i r ed  f l i g h t  test maneuvers. This 
newly developed f l i g h t  test technique 
i s  being appl ied  a t  t h e  Dryden F l i g h t  
Research F a c i l i t y  of NASA Ames Research 
C e n t e r .  The FTMAP i s  designed t o  
i n c r e a s e  t h e  q u a n t i t y  and q u a l i t y  of 
d a t a  obtained i n  f l i g h t  test. The tech- 
nique w a s  developed and demonstrated on 
t h e  h igh ly  maneuverable a i r c r a f t  tech- 
nology (HiMAT)  vehic le .  This r e p o r t  
d e s c r i b e s  t h e  HiMAT veh ic l e  systems, 
maneuver requirements ,  FTMAP development 
process ,  and f l i g h t  r e s u l t s .  

INTRODUCTION 

To meet t h e  r e sea rch  needs of t he  
h i g h l y  maneuverable a i r c r a f t  technology 
( H i M A T )  p r o j e c t ,  a new f l i g h t  test tech- 
nique w a s  developed a t  t h e  Dryden F l i g h t  
Research F a c i l i t y  of NASA Ames Research 
Center  (Ames-Dryden). The essence of 
t h i s  f l i g h t  t es t  technique i s  t h e  app l i -  
c a t i o n  of an a u t o p i l o t  t o  provide pre- 
cise c o n t r o l  du r ing  r equ i r ed  f l i g h t  tes t  
maneuvers, such as pushover pu l lups ,  
windup tu rns ,  and "rocking-horse" 
maneuvers . This  technique,  t he  f l i g h t  
test  manuever a u t o p i l o t  (FTMAP), w a s  
a p p l i e d  t o  t h e  HiMAT veh ic l e  because of 
t h e  problems i n  f l y i n g  t h e  veh ic l e  a t  
h i g h  ang le s  of a t t a c k  and e l eva ted  load 
f a c t o r s .  The problems were such t h a t  
t h e  p i l o t  rece ived  no motion or usua l  
v i s u a l  cues ,  and t h e  a i r c r a f t  exper i -  
enced wing rock and b u f f e t  a t  t h e  h igh  
ang le s  of a t t a c k  a t  which d a t a  were t o  
be co l l ec t ed .  

The FTMAP is t h e  ex tens ion  of pre- 
v ious  f l i g h t  tes t  t r a j e c t o r y  guidance 
r e s e a r c h  a t  Ames-Dryden ( r e f .  1 )  and 
r e p r e s e n t s  t h e  f i r s t  closed-loop app l i -  
c a t i o n  of t h i s  p i lo t - a id ing  technique. 
The FTMAP w a s  designed to  provide pre- 

cise, r epea tab le  c o n t r o l  of t he  HiMAT 
v e h i c l e  dur ing  c e r t a i n  prescr ibed  maneu- 
v e r s  so t h a t  a l a r g e  q u a n t i t y  of high- 
q u a l i t y  test d a t a  could be obta ined  
i n  a minimum of f l i g h t  t i m e .  

The FTMAP has  been used f o r  var ious  
maneuvers, i nc lud ing  s t ra ight -and- leve l  
f l i g h t ,  l e v e l  a c c e l e r a t i o n s  and decel- 
e r a t i o n s ,  pushover pul lups ,  excess- thrus t  
windup t u r n s ,  t h rus t - l imi t ed  windup 
t u r n s ,  and t h e  rocking-horse maneuver. 

This  r e p o r t  d i scusses  t h e  develop- 
ment of t h e  FTMAP wi th in  t h e  con tex t  of 
t h e  HiMAT systems and f l i g h t  tes t  
maneuver requirements.  The d e t a i l s  of 
t h e  HiMAT system implementation de te r -  
mined t h e  mechanization technique used 
wi th  the  FTMAP; t h e  s p e c i f i c  maneuver 
requirements  of t h e  HiMAT r e sea rch  
program determined t h e  trajectories 
s e l e c t e d  f o r  automation. The develop- 
ment of t h e  FTMAP is d e t a i l e d  from 
l i n e a r  a n a l y s i s  through nonl inear  simu- 
l a t i o n  t o  a p p l i c a t i o n  i n  f l i g h t .  The 
a n a l y t i c  models and development t o o l s  
used i n  t h i s  process  are descr ibed  i n  
t h e i r  con tex t  of app l i ca t ion .  F l i g h t  
t es t  r e s u l t s  are included t o  i l l u s t r a t e  
t h e  FTMAP o p e r a t i o n a l  e f f ec t iveness .  

While developed s p e c i f i c a l l y  f o r  t h e  
HiMAT remotely p i l o t e d  research  veh ic l e  
(RPRV), the FTMAP r e p r e s e n t s  a broadly 
a p p l i c a b l e  f l i g h t  tes t  technique t h a t  
provides  t h e  p i l o t  wi th  a means of 
s imultaneously c o n t r o l l i n g  mul t ip l e  
parameters  t o  meet demanding to le rances .  
This  technique i s  extendable  t o  e i t h e r  
manned a i r c r a f t  o r  a i r c r a f t  having less 
performance c a p a b i l i t y  and maneuver- 
a b i l i t y  than  the HiMAT vehic le .  

NOMENCLATURE 

Where appropr i a t e ,  parameters are 
re ferenced  t o  fuse l age  body axes 
according to  right-hand s i g n  conventions.  

A state  matrix 

A/B a f t e r b u r n e r  
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s ys t e m  

an  

aY 

B 

BCS 

DAC 

normal a c c e l e r a t i o n ,  g 

l a t e r a l  acce le ra t ion ,  g 
KOB onboard p i t ch - ra t e  feed- 

back ga in ,  sec 
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K;i backup c o n t r o l  system pi tch-axis  dynamic- 
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conver te r  t h r o t t l e  impact-pressure 
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s p e c i f i c  energy, m ( f t )  

f l i g h t  tes t  maneuver 
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feedback ga in  o r  
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zero-excess- thrust  Mach 
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( f t/sec 1 H 

HiMAT h ighly  maneuverable a i r -  
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aP 

v e h i c l e  

yaw rate,  deg/sec 6e  

eP Laplace v a r i a b l e  

t i m e ,  sec 

x-axis v e l o c i t y  component, 
m/sec ( f t / s e c )  6L 

t o t a l  veh ic l e  ve loc i ty ,  
m/sec ( f t / s e c )  6 r  

t o t a l  veh ic l e  accelera- 6va 

y-axis v e l o c i t y  component, 6% 
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Subscr ip ts :  

a 

a b  

cmd 

D 

I 

k 

z-transform v a r i a b l e  

angle  of a t t a c k ,  deg 

angle-of-at tack rate, 
deg/sec 

t r i m  o r  nominal angle  of 
a t t a c k ,  deg 

d i f f e r e n c e  between meas- 
ured normal accelera- 
t i o n  and r e fe rence  
normal a c c e l e r a t i o n ,  g 

a l t i t u d e  error from com- 
manded a l t i t u d e ,  m ( f t )  

Mach e r r o r  from commanded 
Mach number 

t i m e  t h a t  angle-of - a t t ack  
command is  to  be he ld  
du r ing  pushover pul lup ,  
sec 

la teral  s t i c k  p o s i t i o n  o r  
e q u i v a l e n t  la teral  s t i c k  
p o s i t i o n ,  c m  ( i n )  

e l e v a t o r  p o s i t i o n ,  deg 

l o n g i t u d i n a l  s t i c k  posi-  
t i o n  o r  equ iva len t  lon- 
g i t u d i n a l  s t i c k  p o s i t i o n ,  
c m  ( i n )  

t o t a l  l ong i tud ina l  s u r f a c e  
d e f l e c t i o n  , deg 

rudder p o s i t i o n ,  deg 

asymmetric elevon de f l ec -  
t i o n ,  deg 

symmetric elevon de f l ec -  
t i o n  , deg 

p i t c h  angle ,  deg 

bank angle ,  deg 

ambient or asymmetric 

a f t e r b u r n e r  

command value 

d i r e c t  c o n t r o l  pa th  ga in  

i n t e g r a l  c o n t r o l  pa th  g a i n  

scheduled ga in  func t ion  
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The HiMAT 
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minimum o r  l i m i t  va lue  
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(as opposed t o  boundary 
l imiter  p a t h )  
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state vector 

d e r i v a t i v e  of 
vec to r  with 
t i m e  

the  state 
r e s p e c t  t o  

observa t ion  vec tor  

column vec tor  no ta t ion  

DESCRIPTION 

veh ic l e  ( f i g .  1 )  w a s  
designed t o  inco rpora t e  t echno log ica l  
advances i n  many f i e l d s :  close-coupled 
canard conf igu ra t ion ,  a e r o e l a s t i c  
t a i l o r i n g ,  advanced t r anson ic  aerody- 
namics, advanced composite and metal- 
l i c  s t r u c t u r e s ,  d i g i t a l  fly-by-wire 
c o n t r o l s ,  and d i g i t a l l y  implemented 
i n t e g r a t e d  propuls ion  c o n t r o l  systems 
( r e f .  2 ) .  The HiMAT RPRV ( f i g .  2)  i s  
a 0.44-scale vers ion  of an envis ioned 
f u l l - s c a l e  f i g h t e r  a i r c r a f t  with an 8-9 
sus ta ined- turn  maneuver c a p a b i l i t y  a t  
Mach 0.90 and an a l t i t u d e  of 7600 m 
(25,000 f t ) .  

The ope ra t iona l  concept  ( f i g .  3 )  
f o r  t he  HiMAT v e h i c l e  is  similar t o  
t h a t  f o r  previous RPRVs flown a t  Ames- 

Dryden. The 1530-kg (3370-1331 veh ic l e  
i s  air- launched from a B-52 a i r c r a f t  a t  
13,700 m (45,000 f t )  and carries 300 kg 
(660 l b )  of f u e l  f o r  the  J85-21 engine. 
The veh ic l e  i s  flown under the  c o n t r o l  
of a NASA r e sea rch  test  p i l o t  l oca t ed  i n  
a ground-based RPRV f a c i l i t y  cockpi t .  
F l i g h t  test a c t i v i t y  i s  monitored on t h e  
ground by use of te lemet ry  downlink. 
F l i g h t  c o n t r o l  l a w s  f o r  both primary and 
backup ope ra t ion  are implemented through 
two ground-based and two a i rbo rne  d i g i -  
t a l  computers. The veh ic l e  i s  equipped 
wi th  landing s k i d s  and forward-looking 
t e l e v i s i o n  for h o r i z o n t a l  recovery on 
the  s u r f a c e  of an Edwards d ry  lakebed. 

I n  the primary mode of ope ra t ion  
( f i g .  41, a i r c r a f t  sensor  d a t a  are 
t r ansmi t t ed  t o  the  ground by a te lemet ry  
downlink. The downlinked d a t a  are used 
t o  d r i v e  t h e  ground cockpit displays;  
t h e  data are also used as i n p u t  t o  the  
ground-based primary c o n t r o l  system 
( P C S )  computer. The c o n t r o l  l a w  com- 
p u t e r  combines the  p i l o t  i n p u t  commands 
wi th  the  downlinked a i r c r a f t  sensor  d a t a  
i n  the  execut ion  of t h e  HiMAT c o n t r o l  
l a w s .  The computer then formats a servo- 
a c t u a t o r  command f o r  each of t he  veh ic l e  
c o n t r o l  s u r f a c e s  and t h r o t t l e .  These 
s u r f a c e  commands are ou tpu t  t o  the  up- 
l i n k  encoder and then t r ansmi t t ed  t o  t h e  
a i r c r a f t  ( r e f .  3 ) .  

MANEUVER REQUIREMENTS 

To accomplish t h e  primary p r o j e c t  
r e sea rch  o b j e c t i v e s ,  s e v e r a l  maneuvers 
were r equ i r ed ,  i nc lud ing  l e v e l  accel- 
e r a t i o n s  and d e c e l e r a t i o n s ,  pushover 
pu l lups ,  excess- thrus t  windup tu rns ,  
t h rus t - l imi t ed  windup t u r n s ,  l e v e l  
t u r n s ,  and the rocking-horse maneuver. 
These maneuvers w e r e  to  be performed 
wi th  a p rec i s ion  t h a t  n e c e s s i t a t e d  the  
development of a technique t o  provide 
automatic  mul t ip le -ax is  con t ro l .  Not 
on ly  were te rmina l  cond i t ions  s p e c i f i e d  
t o  exac t ing  accu rac i e s ,  b u t  t h e  rates 
a t  which these  cond i t ions  were t o  be 
achieved were an a d d i t i o n a l  c o n s t r a i n t .  
For a p i l o t  using manual c o n t r o l  and 
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normal p i l o t i n g  techniques,  t h e  rate of 
o n s e t  of a f l i g h t  maneuver is  t h e  m o s t  
demanding requirement. The maneuvers 
used angle-of-at tack command or normal- 
a c c e l e r a t i o n  command va r i ab le s .  The 
des ign  goa l  w a s  t o  c o n t r o l  t h e  rate of 
o n s e t  by l i n e a r l y  inc reas ing  the  command 
v a r i a b l e  a t  0.25 deg/sec for angle-of- 
a t t a c k  commanded maneuvers and 0.2 g/sec 
f o r  normal-accelerat ion commanded maneu- 
vers .  This  w a s  t o  be accomplished 
whi le  c o n t r o l l i n g  t h e  veh ic l e  t o  toler-  
ances  of f 0 . 5 O  ang le  of attack o r  20.5-9 
normal a c c e l e r a t i o n ,  fO.01 Mach, and 
f150-m ( r500- f t )  a l t i t u d e  f o r  t he  co l -  
l e c t i o n  of aerodynamic, s t r u c t u r a l ,  
f l u t t e r ,  and o v e r a l l  performance da ta .  
A d e s c r i p t i o n  of each maneuver, i t s  use,  
and the  s p e c i f i c  performance requi re -  
ments f o r  t h a t  maneuver are descr ibed  i n  
t he  fo l lowing  sec t ions .  

Level Acce lera t ions  and Decelera t ions  

A l e v e l  a c c e l e r a t i o n  o r  d e c e l e r a t i o n  
i s  a 1-9, wings-level maneuver performed 
a t  cons t an t  a l t i t u d e  wi th  inc reas ing  or 
dec reas ing  Mach number. During a l e v e l  
a c c e l e r a t i o n  or d e c e l e r a t i o n ,  l ong i  t ud i -  
n a l  s t i c k  is  used t o  c o n t r o l  a l t i t u d e ,  
l a t e ra l  s t i c k  i s  used t o  c o n t r o l  r o l l  
a t t i t u d e ,  and t h r o t t l e  is  used t o  con- 
t r o l  Mach number. These maneuvers are 
used f o r  a i r speed  c a l i b r a t i o n s ,  to  
determine climb performance, and t o  
o b t a i n  o v e r a l l  performance data, These 
maneuvers are requ i r ed  t o  be performed 
a t  a cons t an t  a l t i t u d e  wi th in  * 1 5 0  m 
(*SO0 f t ) ;  t h e  t a r g e t  Mach number i s  
t o  be achieved wi thout  overshoot.  

Pushover Pul lups  

A pushover p u l l u p  i s  a wings-level 
maneuver t h a t  can be performed a t  
e i t h e r  a cons t an t  t h r o t t l e  s e t t i n g  or 
a cons t an t  Mach number. The maneuver 
c o n s i s t s  of varying t h e  a i r c r a f t  angle  
of a t t a c k  a about  t h e  t r i m  cond i t ion  
aO.  
t a s k  f o r  t h e  pushover-pullup maneuver. 

Figure 5 i l l u s t r a t e s  t h e  p i tch-axis  

The s t i c k  is  pushed forward u n t i l  t h e  
measured angle  of a t t a c k  reaches a spec- 
i f i e d  angle-of-at tack increment Aa 
below t h e  t r i m  condi t ions .  This  angle  
of a t t a c k  i s  he ld  f o r  a predetermined 
condi t ion-hold t i m e  A h .  
i s  pu l l ed  back p a s t  t h e  t r i m  p o i n t  and 
he ld  u n t i l  t h e  measured ang le  of a t t a c k  
i n c r e a s e s  t o  the,  s p e c i f i e d  Aa above t h e  
t r i m  ang le  of a t t a c k .  Af t e r  t h e  hold 
t i m e ,  t h e  s t i c k  is  moved forward u n t i l  
t h e  a i r c r a f t  r e t u r n s  to  s t ra ight -and-  
l e v e l  f l i g h t .  The commanded rate of 

change of ang le  of a t t a c k  acmd d e t e r -  

mines the  s l o p e  of t h e  angle-of-at tack 
t i m e  h i s t o r y .  During t h i s  maneuver, 
la teral  s t i c k  is  used t o  maintain a 
wings-level condi t ion .  

Then t h e  s t i c k  

For the  f i x e d - t h r o t t l e  pushover- 
p u l l u p  maneuver, Mach number is  no t  
c o n t r o l l e d  and t h e  t h r o t t l e  remains 
c o n s t a n t  throuAhout t h e  maneuver. 
S i m i l a r  t o  l e v e l  a c c e l e r a t i o n s  and 
d e c e l e r a t i o n s ,  t h e  f i x e d - t h r o t t l e  
maneuver is  a two-axis t a s k ,  which 
r e q u i r e s  l o n g i t u d i n a l  and la teral  con- 
t r o l .  However, t h e  constant-Mach 
maneuver i s  a three-axis  t a s k  t h a t  
a l s o  r e q u i r e s  a c t i v e  c o n t r o l  of Mach 
number w i t h  the  t h r o t t l e .  During the  
pushover-pullup maneuver i n  which a 
cons t an t  Mach number is maintained, 
t h e  l o n g i t u d i n a l  and a i r speed  axes 
are s t r o n g l y  coupled. 

The pushover-pullup maneuver i s  
used t o  o b t a i n  d rag  d a t a  and wing and 
canard p res su re  d a t a  a t  angles  of a t t a c k  
above and below t r i m .  The maneuver is  
t o  be performed to  a measured angle  of 
a t t a c k  wi th in  f0.5O of t h e  commanded 
angle-of-at tack p r o f i l e .  In  a d d i t i o n ,  
t h e  rate of change of angle  of attack 
must be maintained a t  0.50 deg/sec 
du r ing  the  maneuver. The t i m e  A t a  f o r  
which t h e  end cond i t ion  (a f acmd) is  
t o  be he ld  w a s  o r i g i n a l l y  s p e c i f i e d  
as 5 sec, b u t  w a s  later changed t o  
zero.  For t h e  constant-Mach pushover 
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pul lup ,  t he  to l e rance  i n  Mach e r r o r  
i s  f O . O 1  Mach. 

Turns 

An excess - th rus t  windup t u r n ,  a 
th rus t - l imi t ed  windup t u r n ,  and a 
l e v e l  t u r n  are a l l  e l eva ted  normal- 
a c c e l e r a t i o n  maneuvers. Longi tudinal  
s t i c k  is  used t o  c o n t r o l  angle  of a t t a c k  
o r  normal a c c e l e r a t i o n ,  t h e  la teral  
s t i c k  is  used t o  c o n t r o l  a l t i t u d e  rate, 
and t h e  t h r o t t l e  is used to  c o n t r o l  Mach 
number. The excess - th rus t  windup t u r n  
i s  a t u r n  i n  which normal a c c e l e r a t i o n ,  
load f a c t o r ,  and ang le  of a t t a c k  are 
increased  t o  a t a r g e t  value a t  a con- 
s t a n t  a l t i t u d e  and c o n s t a n t  Mach num- 
ber. The th rus t - l imi t ed  windup t u r n  is  
performed n o t  a t  cons t an t  a l t i t u d e ,  b u t  
wi th  t h e  nose of t he  a i r c r a f t  po in t ing  
s l i g h t l y  downward. This a l i g n s  the  
g r a v i t y  vec tor  more closely w i t h  the  
a i r c r a f t  body a x i s  to  act  as a t h r u s t -  
a i d i n g  f o r c e ,  so t h a t  a l t i t u d e  is traded 
f o r  Mach number. The l e v e l  t u r n  i s  a 
c o n s t a n t  normal-accelerat ion vers ion  of 
t h e  excess- thrus t  tu rn .  

These t u r n s  are used t o  provide 
f l i g h t  condi t ions  t o  measure wing loads ,  
wing d e f l e c t i o n ,  wing p res su res ,  drag,  
and b u f f e t ,  as w e l l  as t o  ga the r  sta- 
b i l i t y  and c o n t r o l  d a t a  a t  e l eva ted  nor- 
m a l  a c c e l e r a t i o n  and angle  of a t t a c k .  
For t h e  HiMAT program, each of t h e  t h r e e  
t u r n s  i s  requi red  t o  be angle-of-at tack 
commanded o r  normal-accelerat ion com- 
manded, wi th  t h e  t a r g e t  cond i t ion  spec- 
i f i e d  i n  terms of an  angle  of a t t a c k  o r  
a normal a c c e l e r a t i o n ,  r e spec t ive ly .  
During these  t u r n s ,  t h e  o b j e c t i v e  is  
t o  maintain a l t i t u d e  wi th in  2150 m 
(2500 f t )  and t o  maintain Mach number 
wi th in  fO.01 of t h e  nominal. The com- 
manded parameter from the  t r i m  t o  t h e  
t a r g e t  cond i t ion  is  t o  be increased  
a t  a s p e c i f i e d  ra te  of 0.25 deg/sec f o r  
angle-of-at tack commanded t u r n s  and 
0.2 g/sec f o r  normal-accelerat ion com- 
manded turns .  An a d d i t i o n a l  c o n s t r a i n t  
i s  t h a t  t h e  t a r g e t  cond i t ion  be achieved 

to  a to l e rance  of + O . S O  angle  of a t t a c k  
o r  20.5-9 normal acce le ra t ion .  

The command rate is  t h e  most 
demanding requirement f o r  t he  p i l o t  
because,  as t h e  normal a c c e l e r a t i o n  of 
a maneuver inc reases ,  so does the d i f -  
f i c u l t y  of c o n t r o l l i n g  the  veh ic l e  t o  
maintain t h e  o the r  mission to le rances .  
To i l l u s t r a t e  t he  complexity of t h e  
p i l o t i n g  t a sk  as a func t ion  of i n -  
c r eas ing  normal a c c e l e r a t i o n ,  f i g u r e  6 
shows t h e  bank-angle requirements f o r  a 
range of normal acce le ra t ions .  Figure 6 
i s  based on the  normal-acceleration 
to l e rance  (20.5 g )  and the  r e l a t i o n s h i p  
f o r  a cons t an t - a l t i t ude  tu rn ,  

1 
an  

Q = cos-1 - 

where Q is  t h e  bank angle  and an is  the  
normal acce le ra t ion .  The graph i n  
f i g u r e  6 shows t h a t  t h e  accep tab le  range 
f o r  bank ang le  decreases  d rama t i ca l ly  
as t h e  t a r g e t  normal a c c e l e r a t i o n  in-  
creases. Thus, la teral  c o n t r o l  of t he  
v e h i c l e  becomes more demanding as the  
t a r g e t  normal a c c e l e r a t i o n  increases .  
Because the  o r i e n t a t i o n  of the l i f t  
vec to r  determines t h e  a l t i t u d e  rate of 
t h e  veh ic l e ,  the main e f f e c t  of bank- 
ang le  v a r i a t i o n s  i s  a l t i t u d e  e r r o r .  
The a l t i t u d e  rate generated by a bank- 
ang le  e r r o r  i n c r e a s e s  as the normal 
a c c e l e r a t i o n  increases .  

While f i g u r e  6 i l l u s t r a t e s  t h e  
decreas ing  bank-angle to l e rance  as a 
func t ion  of t a r g e t  normal a c c e l e r a t i o n ,  
t h i s  same p l o t  could be used t o  show t h e  
r e l a t i o n s h i p  of t i m e  u n t i l  t h e  a l t i t u d e  
t o l e r a n c e  is  exceeded as a func t ion  of 
normal acce le ra t ion .  Thus, n o t  on ly  
does the  to l e rance  f o r  bank-angle e r r o r  
decrease as a func t ion  of i nc reas ing  
t a r g e t  normal a c c e l e r a t i o n ,  b u t  t h e  
amount of t i m e  u n t i l  a l t i t u d e  is  o u t  
of  t o l e rance  decreases ,  thereby requi r -  
i n g  more a t t e n t i o n  t o  t h e  la teral  a x i s .  
The windup t u r n  is  a h igh ly  coupled 
three-axis  t a s k  r equ i r ing  long i tud ina l ,  
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lateral ,  and a i r speed  con t ro l .  Not 
on ly  does a change i n  angle  of a t t a c k  
and normal a c c e l e r a t i o n  r e q u i r e  a com- 
pensa t ing  change i n  bank angle  t o  main- 
t a i n  the  s p e c i f i e d  a l t i t u d e ,  b u t  an 
immediate t h r o t t l e  change i s  requi red  
t o  maintain Mach number to  compensate 
f o r  changing drag. 

Rocking-Horse Maneuvers 

A rocking-horse maneuver is per- 
formed a f t e r  a windup t u r n  has stabi-  
l i z e d  t o  the  zero-excess- thrust  con- 
d i t i o n .  The purpose of t h e  manuever 
i s  t o  ga the r  performance d a t a  a t  Mach 
numbers and load f a c t o r s  near  t h e  appar- 
e n t  zero-excess- thrust  cond i t ion  t o  f i x  
t h e  e x a c t  zero-excess- thrust  condi t ion .  
Th i s  cond i t ion  i s  important  because it 
determines the maximum sus t a ined  turn ing  
c a p a b i l i t y  of t h e  v e h i c l e  i n  a given 
f l i g h t  condi t ion .  Because ze ro  excess  
t h r u s t  occurs  when t h e  a v a i l a b l e  t h r u s t  
i s  equal  t o  the  drag ,  any inc rease  i n  
normal a c c e l e r a t i o n  must be accompanied 
by e i t h e r  an a l t i t u d e  o r  a v e l o c i t y  loss. 
The rocking-horse manuever is  a h ighly  
coupled two-axis t a s k  r equ i r ing  longi tu-  
d i n a l  and l a t e ra l  c o n t r o l ,  which creates 
even more p i l o t  workload than the  wind- 
up turn .  Because t h e  t h r o t t l e  is  f i x e d  
a t  maximum a f t e r b u r n e r ,  the maneuver 
r e q u i r e s  only  s t i c k  a c t i o n ,  a l b e i t  
h i g h l y  coordinated.  

F igure  7 i l l u s t r a t e s  t h e  normal 
a c c e l e r a t i o n  and Mach number charac- 
terist ics of a s i n g l e  cyc le  of t h e  
rocking horse. Once t h e  veh ic l e  is  
a t  the zero-excess- thrust  cond i t ion  and 
the t h r u s t  has  s t a b i l i z e d  a t  maximum 
a f t e r b u r n e r ,  t h e  l o n g i t u d i n a l  s t i c k  
i s  moved r a p i d l y  a f t  u n t i l  some s p e c i f i e d  
i n c r e a s e  i n  normal a c c e l e r a t i o n  Aan has  
been obtained.  This a f t  l o n g i t u d i n a l  
s t i c k  movement must be accompanied by 
la teral  s t i c k  a c t i v i t y  t o  inc rease  bank 
ang le  and maintain l e v e l  f l i g h t .  The 
e l e v a t e d  load f a c t o r  condi t ion  i s  main- 
tained u n t i l  Mach number has  decreased 
a s p e c i f i e d  amount A M  from the  zero- 
excess - th rus t  Mach number Mref. When 

t h e  d e s i r e d  Mach number (Mref - A M )  has  
been reached, t h e  l o n g i t u d i n a l  s t i c k  is  
moved forward qu ick ly  to  achieve -Clan. 
T h i s  l o n g i t u d i n a l  s t i c k  movement i s  
accompanied by la teral  s t i c k  a c t i o n  t o  
decrease  the bank ang le  and maintain 
l e v e l  f l i g h t .  The forward s t i c k  posi-  
t i o n  i s  he ld  u n t i l  Mach number has  
increased  t o  Mref + AM;  t h e  s t i c k  i s  
then  moved a f t  u n t i l  normal a c c e l e r a t i o n  
a t  ze ro  excess  t h r u s t  an i s  achieved. 

0 

Because the rocking-horse maneuver 
i s  flown a t  maximum a f t e r b u r n e r ,  f u e l  
consumption is  high and t h e  amount of 
t i m e  a v a i l a b l e  f o r  maneuvering is  l i m -  
i t e d .  The only  c o n s t r a i n t  on t h e  i n i -  
t i a l  windup t u r n  i s  t h a t  it end a t  a 
s p e c i f i c  a l t i t u d e  and Mach number when 
excess  t h r u s t  decreases t o  zero.  
However, i f  t h e  windup t u r n  t o  t h e  
zero-excess- thrust  cond i t ion  can be 
c o n t r o l l e d ,  u s e f u l  wing loads ,  pres- 
s u r e ,  and d e f l e c t i o n  data can a l s o  be 
c o l l e c t e d  dur ing  t h e  turn.  As excess  
t h r u s t  i s  reduced t o  zero,  t he  a b i l i t y  
t o  change t o t a l  veh ic l e  energy also 
decreases  t o  zero.  The veh ic l e  s p e c i f i c  
energy Es is  given by the r e l a t i o n s h i p  

V2 
2g 

E, = h + -  

where h i s  a l t i t u d e ,  V i s  t o t a l  veloc- 
i t y ,  and g is the a c c e l e r a t i o n  due t o  
g rav i ty .  The d e r i v a t i v e  of t h i s  quan- 
t i t y  with r e s p e c t  t o  t i m e  y i e l d s  spe- 
c i f i c  power Ps where 

which i s  used as t h e  s p e c i f i c a t i o n  
parameter f o r  the  zero-excess- thrust  
cond i t ion  of Ps equal  t o  0 f 8 m/sec 
( 0  2 25 f t / s e c ) .  The rate of change 
of normal a c c e l e r a t i o n  is  s p e c i f i e d  as 
5 g/sec.  The Aan has  a to l e rance  of 
20.5 g ,  and A M  i s  s p e c i f i e d  as t h e  p o i n t  
a t  which s t i c k  r e v e r s a l  occurs.  

7 



FTMAP DESCRIPTION 

To provide the c a p a b i l i t y  t o  per- 
form the  requi red  research  maneuvers, 
t h e  FTMAP ope ra t e s  as an ou te r  loop t o  
t he  PCS, r ep lac ing  the  p i l o t  i n  the  
closed-loop f l i g h t  system ( f i g .  8 ) .  
When the FTMAP i s  engaged, the normal 
p i l o t  i n p u t  commands are rep laced  by 
corresponding commands generated by t h e  
FTMAP. These FTMAP-generated commands 
are the r e s u l t  of feedback c o n t r o l  l a w s  
t h a t  ope ra t e  on e r r o r  s i g n a l s  der ived  
by comparing measured veh ic l e  parameters 
wi th  a dynamically computed t r a j e c t o r y .  
This  computed t r a j e c t o r y  corresponds t o  
t he  f l i g h t  tes t  maneuver selected by 
t h e  p i l o t .  

Appendix A p re sen t s  a d e t a i l e d  
d e s c r i p t i o n  of t h e  FTMAP systems and a 
d i scuss ion  of both o p e r a t i o n a l  charac- 
teristics and operational mechanization 
of the FTMAP. Appendix B provides  a 
d e s c r i p t i o n  of t h e  FTMAP c o n t r o l  l a w s ,  
appendix C d e t a i l s  t h e  development of 
t h e  FTMAP from l i n e a r  a n a l y s i s  through 
s imula t ion  and f l i g h t ,  and appendix D 
describes s p e c i a l  H i M A T  ins t rumenta t ion  
used with the  FTMAP. 

FLIGHT RESULTS 

Three HiMAT f l i g h t s  were used f o r  
FTMAP development ( r e f .  4 ) .  On t h e  
f i r s t  t w o  f l i g h t s ,  the  FTMAP w a s  used 
o n l y  for a l t i t u d e  hold dur ing  c r u i s e ,  
a c c e l e r a t i o n s ,  and d e c e l e r a t i o n s  a t  con- 
s t a n t  a l t i t u d e .  Based on t h i s  f l i g h t  
exper ience ,  a l o n g i t u d i n a l  dynamic- 
p re s su re  ga in  schedule  w a s  added to  
t h e  FTMAP c o n t r o l  l a w s .  On t h e  t h i r d  
f l i g h t ,  the FTMAP w a s  used f o r  t h r e e  
range-posi t ioning,  low-g t u r n s  a t  
a n  a l t i t u d e  of 12,000 m (40,000 f t ) .  
These t h r e e  windup t u r n s  were per- 
formed a t  Mach 0.90, 0.95, and 1.10. 
The success  of the FTMAP on t h e s e  
f l i g h t s  encouraged i t s  use on sub- 
sequent  f l i g h t s .  

On t h e  f o u r t h  f l i g h t ,  the FTMAP w a s  
used t o  c o l l e c t  f l i g h t  research  da ta .  

The FTMAP s u c c e s s f u l l y  c o n t r o l l e d  t h e  
HiMAT through a c o n s t a n t - a l t i t u d e  
c r u i s e ,  a cons t an t - a l t i t ude  dece lera-  
t i o n ,  a windup tu rn  a t  l o w  dynamic 
p res su re ,  and a constant-Mach push- 
over pul lup.  However, when the windup 
t u r n  to  t h e  des ign  cond i t ion  of 8 g a t  
Mach 0.90 and 7600-m (25,000-f t )  a l t i -  
tude  w a s  i n i t i a t e d ,  a la teral  i n s t a -  
b i l i t y  w a s  experienced. This problem 
(d i scussed  i n  app. C) w a s  co r rec t ed  
be fo re  the  next  HiMAT f l i g h t  one week 
later. On t h a t  f l i g h t ,  t h e  FTMAP suc- 
c e s s f u l l y  c o n t r o l l e d  the  HiMAT veh ic l e  
f o r  a l l  d a t a  c o l l e c t i o n  maneuvers. The 
use  of t h e  FTMAP i n  f l i g h t  accounted f o r  
53 pe rcen t  of t he  25.5-min t o t a l  f l i g h t  
t i m e  from launch to  touchdown. 

For t h e  remaining HiMAT f l i g h t s ,  
t h e  FTMAP w a s  used f o r  almost a l l  d a t a  
c o l l e c t i o n  maneuvers. On t h e  seventh 
f l i g h t ,  t h e  th rus t - l imi t ed  windup t u r n  
w a s  demonstrated under FTMAP con t ro l .  
The FTMAP w a s  used dur ing  t h e  remaining 
f l i g h t s  with only  minor modif icat ions.  

Because of t h e  success of t h e  
FTMAP development and f l i g h t  appl ica-  
t i o n ,  on ly  a l i m i t e d  number of research  
maneuvers w e r e  flown manually by the 
p i l o t s  a f t e r  t h e  FTMAP became opera- 
t i o n a l .  The r e s u l t s  of t h i s  l i m i t e d  
sample of maneuvers are used, where 
a p p l i c a b l e ,  t o  compare FTMAP-flown and 
manually flown maneuvers. A d e s c r i p t i o n  
of t h e  FTMAP-flown maneuvers is  pre- 
sen ted  i n  t h e  fo l lowing  sec t ions .  

A l t i t u d e  Hold 

Although n o t  r equ i r ed  i n  t h e  FTMAP 
des ign  s p e c i f i c a t i o n ,  t h e  a l t i t u d e -  
ho ld  maneuver w a s  used to  e s t a b l i s h  
constant-Mach and c o n s t a n t - a l t i t u d e  
c r u i s e ,  as w e l l  as t o  c o n t r o l  a l t i t u d e  
dur ing  d e c e l e r a t i o n s  and accelerations. 
F igure  9 shows a wings-level,  cons tan t -  
a l t i t u d e ,  constant-Mach c r u i s e  a t  a 
nominal Mach 0.80 and a 12,200-m 
(40,000-f t )  a l t i t u d e .  The FTMAP 
c o n t r o l s  t h e  veh ic l e  a t  t h e  engage- 
ment a l t i t u d e  and commanded Mach 
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number t o  wi th in  t h e  r e s o l u t i o n  of t h e  
d a t a  system. 

, The cons t an t - a l t i t ude  d e c e l e r a t i o n  
shown i n  f i g u r e  10 w a s  flown a t  a nomi- 
n a l  a l t i t u d e  of 7600 m (25,000 f t )  and a 
Mach range from approximately 0.70 t o  

c o n t r o l  and s t a b i l i t y  are evident .  A 
l e v e l  a c c e l e r a t i o n  from approximately 
Mach 0.50 t o  0.80 is shown i n  f i g u r e  11. 
The key f e a t u r e  of t h e s e  maneuvers is  
t h e  c o n t r o l  of a l t i t u d e  to  wi th in  the  
r e s o l u t i o n  of t h e  data system. For the  
a c c e l e r a t i o n s  and d e c e l e r a t i o n s ,  t h e  
l a c k  of overshoot  i n  Mach number a t  t h e  
f i n a l  cond i t ion  i l l u s t r a t e s  t h e  d e s i r e d  
well-damped performance. 

f 0.50. Once aga in ,  t h e  e x c e l l e n t  FTMAP 

As can be seen  from f i g u r e s  9 t o  1 1 ,  
t h e  FTMAP provided a means of c o l l e c t i n g  
d a t a  a t  cons t an t  a l t i t u d e  t o  exac t ing  
to l e rances .  This  system provided high- 
q u a l i t y ,  c o n s i s t e n t  c r u i s e  and perform- 
ance da t a .  P a r t i c u l a r l y  noteworthy i s  
t h e  demonstrat ion of t h e  Mach number 
c o n t r o l  f e a t u r e .  The l e v e l  accelera- 
t i o n s  and d e c e l e r a t i o n s  w e r e  performed 
smoothly and a t  cons t an t  Mach rates. 
The t a r g e t  Mach number w a s  achieved 
wi thou t  overshoot.  

Pushover-Pullup Maneuvers 

The constant-Mach pushover pu l lup  
w a s  demonstrated i n  f l i g h t  as an  example 
of t h e  pushover-pullup class of maneu- 
vers .  This  maneuver was performed t o  
t h e  s p e c i f i e d  requirements with only  
minor d e v i a t i o n s  beyond Mach number 
to l e rance .  Figure 12 compares t h r e e  
FTMAP pushover pu l lups  a t  nominal con- 
d i t i o n s  of a 6100-m (20,000-f t )  a l t i t u d e  
and Mach 0.80. As shown i n  f i g u r e  12, 
the d a t a  obta ined  from these maneuvers 
are repea tab le  from f l i g h t  t o  f l i g h t .  
The q u a l i t y  of t h e  d a t a  is ev iden t  from 
t h e  t i m e  h i s t o r i e s  of t h e  maneuvers i n  
f i g u r e s  12 t o  15. These f i g u r e s  dem- 
o n s t r a t e  t h a t  t h e  FTMAP performed the  
pushover-pullup maneuvers throughout t h e  
HiMAT f l i g h t  envelope. 

As demonstrated by t h e  a l t i t u d e - r a t e  
t i m e  h i s t o r i e s ,  t h e s e  maneuvers are 
h igh ly  dynamic. However, Mach number is 
maintained close t o  the  nominal con- 
d i t i o n .  The angle-of-at tack t i m e  
h i s t o r i e s  show t h e  smooth c o n t r o l  of t h e  
FTMAP from pushover-pullup i n i t i a t i o n  t o  
e x i t  phase i n i t i a t i o n .  During the  e x i t  
phase of t h e  maneuver, t h e  FTMAP t ran-  
s i t i o n s  from t h e  angle-of-at tack c o n t r o l  
mode t o  t h e  a l t i t ude -ho ld  c o n t r o l  mode. 
The a l t i t u d e  recovery po r t ion  of t h i s  
maneuver is a c t u a l l y  performed us ing  
t h e  a l t i t ude -ho ld  c o n t r o l  c a p a b i l i t y  
of t h e  FTMAP wi th  t h e  nominal a l t i t u d e  
as re ference  . 
Windup Turns 

Figure 16 compares two manually 
flown windup tu rns .  These maneuvers are 
i n i t i a t e d  from a wings-level,  1-9 con- 
d i t i o n  a t  a nominal a l t i t u d e  of 7600 m 
(25,000 f t )  and Mach 0.90. The objec- 
t i v e  of each maneuver is  to  inc rease  
e i t h e r  t h e  normal a c c e l e r a t i o n  a t  a rate 
of  0.2 g/sec or the  angle  of a t t a c k  a t  a 
rate of 0.25 deg/sec u n t i l  t he  des ign  
cond i t ion  i s  achieved. Mach number is 
t o  be he ld  t o  f O . O 1  Mach, and a l t i t u d e  
i s  to  be wi th in  f150  m ( f500 f t )  of t h e  
nominal. Two f e a t u r e s  of t hese  maneu- 
v e r s  are important  - maneuver q u a l i t y  
and maneuver consis tency.  The d i f -  
f i c u l t y  of f l y i n g  these  maneuvers is 
apparent  from the  t i m e  h i s t o r i e s .  In  
both maneuvers, the  rates of i nc rease  of 
normal a c c e l e r a t i o n  and angle  of a t t a c k  
are i r r e g u l a r  and erratic. Both the 
Mach number and a l t i t u d e  to l e rances  are 
exceeded. There is  l i t t l e  r e p e a t a b i l i t y  
from maneuver to  maneuver. 

I n  c o n t r a s t ,  t h r e e  FTMAP-f lown 
windup t u r n s  shown i n  f i g u r e  17 are 
v i r t u a l l y  i d e n t i c a l .  The rates of 
i n c r e a s e  f o r  both angle  of a t t a c k  and 
normal a c c e l e r a t i o n  are regu la r  and 
con t ro l l ed .  A l t i t u d e  to l e rance  i s  
maintained throughout t h e  maneuver. 
However, t h e  Mach number to l e rance  
i s  s t i l l  exceeded. This  maneuver qua l -  
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i t y ,  r e p e a t a b i l i t y ,  and hence, p red ic t -  
a b i l i t y  w e r e  demonstrated throughout 
t h e  HiMAT f l i g h t  envelope. Another 
key p o i n t  of t h i s  comparison is  the 
d i f f e r e n c e  i n  e lapsed  t i m e  f o r  maneuver 
execut ion.  The pi lot-f lown maneuvers 
r e q u i r e  approximately 80 sec, whereas 
t h e  FTMAP-flown maneuvers are completed 
wi th in  50 sec. 

Figure 18 i l l u s t r a t e s  both the  
supersonic  performance of t h e  FTMAP and 
i t s  a b i l i t y  to  achieve and maintain a 
f l i g h t  condi t ion .  The maneuver is a 
normal-accelerat ion commanded windup 
t u r n  to  2 g a t  an a l t i t u d e  of 12,200 m 
(40,000 f t )  and Mach 1.10. Once the 
2-9 t u r n  is  achieved,  t h e  FTMAP recovers  
Mach number t o  wi th in  the  r e s o l u t i o n  of 
t h e  data system. The f l i g h t  condi t ion  
i s  he ld  almost without  d e v i a t i o n  f o r  
approximately 40 sec. Figure 19 shows 
t i m e  h i s t o r i e s  from an angle-of-at tack 
commanded windup t u r n  to  1 2 O  angle  of 
a t t a c k .  The maneuver w a s  performed a t  
Mach 0.80 and an a l t i t u d e  of 9800 m 
( 32,000 f t )  . This maneuver aga in  i l l u s -  

c o n t r o l  the HiMAT veh ic l e  i n  a precise, 
p r e d i c t a b l e  way. The rates of o n s e t  of 
both angle  of at tack and normal accel- 

Both Mach number and a l t i t u d e  are he ld  
t o  the  s p e c i f i e d  to le rances .  

I 

I trates the  c a p a b i l i t y  of the FTMAP t o  

I e r a t i o n  are r e g u l a r  and cons i s t en t .  

These two windup t u r n  maneuvers 

t h e  class of maneuvers i n  which the  
FTMAP exce l l ed  and i n  which a l l  des ign  
s p e c i f i c a t i o n s  were m e t .  The common 
f e a t u r e  i s  t h e  absence of t h e  t r a n s i t i o n  
from core engine t o  a f t e rbu rne r .  The 
supersonic  maneuver ( f i g .  18) w a s  per- 
formed e n t i r e l y  i n  a f t e rbu rne r .  The 
subsonic  maneuver ( f i g .  19 )  w a s  per-  
formed without  t h e  use  of a f t e rbu rne r .  
On t h e  o t h e r  hand, t h e  FTMAP maneuvers 
shown i n  f i g u r e  17 began wi thout  a f t e r -  
burner  and t r a n s i t i o n e d  i n t o  a f t e r b u r n e r  
as angle  of a t t a c k  increased .  This 
t r a n s i t i o n  occurred dur ing  t h e  per iod  
when t h e  s l o p e s  of t h e  angle-of-at tack 
and normal-accelerat ion t i m e  h i s t o r i e s  

I ( f i g s .  18 and 19)  are r e p r e s e n t a t i v e  of 

l eve led  out .  The l o g i c  used t o  d e t e c t  
and compensate f o r  t h i s  t r a n s i t i o n  i s  
descr ibed  i n  appendix C. 

F igure  20 i s  a t i m e  h i s t o r y  showing 
e l e v a t o r  double ts  performed f o r  param- 
e ter  i d e n t i f i c a t i o n  purposes dur ing  an 
FTMAP-controlled l e v e l  tu rn .  The 
maneuver w a s  performed a t  Mach 0.80 and 
an  a l t i t u d e  of 4600 m (15,000 f t )  a t  a 
6-9 normal acce le ra t ion .  This  t i m e  
h i s t o r y  i l l u s t r a t e s  t h e  a b i l i t y  of t h e  
FTMAP t o  accommodate d is turbances .  The 
a b i l i t y  t o  collect  r epea tab le  d a t a  i s  
ev ident .  The response of t h e  system i s  
v i r t u a l l y  i d e n t i c a l  f o r  each e l e v a t o r  
doublet .  The f l i g h t  condi t ion  is  main- 
t a i n e d  t o  w e l l  beyond the  des ign  speci- 
f i c a t i o n s  of the  FTMAP. 

The t w o  t h r u s t -  l i m i  t ed  windup 
t u r n s  shown i n  f i g u r e s  21 and 22 i l l u s -  
trate the performance of the FTMAP l o g i c  
i n  d e t e c t i n g  t h e  zero-specific-power 
(P, = 0) cond i t ion  and c o n t r o l l i n g  the  

HiMAT v e h i c l e  dur ing  a descending s p i r a l  
by t r a d i n g  a l t i t u d e  f o r  Mach number. In  
t h e  t u r n  a t  Mach 0.90 and an a l t i t u d e  of 
7600 m (25,000 f t ) ,  the  l o g i c  t o  d e t e c t  
t h e  th rus t - l imi t ed  cond i t ion  allows the 
v e h i c l e  t o  ga in  an a d d i t i o n a l  l o  angle  
of a t t a c k  and 2-g normal a c c e l e r a t i o n  
w h i l e  br inging  the Mach number back t o  
wi th in  a to l e rance  of f O . O 1  Mach f o r  
p a r t  of the  maneuver ( f i g .  21 1. For t h e  
supersonic  maneuver a t  Mach 1.20 and an 
a l t i t u d e  of 12,200 m (40,000 f t ) ,  t h e  
th rus t - l imi t ed  maneuver r e s u l t e d  i n  
d a t a  f o r  approximately 2 O  more ang le  of 
a t t a c k  and 3 g more normal a c c e l e r a t i o n  
than  would have been a v a i l a b l e  wi thout  
t h i s  l o g i c  ( f i g .  2 2 ) .  However, as shown 
i n  the  Mach-number t i m e  h i s t o r y ,  t h i s  
l o g i c  caused the veh ic l e  t o  accelerate 
excess ive ly  and to  exceed to le rance .  

The performance of t h e  t h r u s t -  
l i m i t e d  c o n t r o l  w a s  demonstrated i n  
f l i g h t .  The a b i l i t y  t o  d e t e c t  and com- 
pensa te  f o r  t he  th rus t - l imi t ed  condi t ion  
w a s  judged t o  be t o l e r a b l e  b u t  d i d  n o t  
meet the  Mach to l e rance  s p e c i f i c a t i o n .  
A s  t h rus t - l imi t ed  c o n t r o l  performance 
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w a s  acceptab le ,  f u r t h e r  development w a s  
c u r t a i l e d  and t h i s  c o n t r o l  l o g i c  w a s  
n o t  re f ined .  

FUTURE RESEARCH 

The a p p l i c a t i o n  of t h e  FTMAP on 
r t h e  HiMAT v e h i c l e  r e p r e s e n t s  a proof 

of  concept  r a t h e r  than  a f i n i s h e d  
production-type system. While t h e  
FTMAP performed excep t iona l ly  w e l l ,  
n o t  a l l  des ign  goa l s  m e t  t h e  requi red  
to l e rances .  Addi t iona l ly ,  many lessons  
were learned  concerning requirements f o r  
an  FTMAP system. This  s e c t i o n  of t h e  
r e p o r t  a t tempts  t o  d e f i n e  the  key areas 
i n  which f u r t h e r  maneuver a u t o p i l o t  
r e sea rch  is  needed. 

The most s i g n i f i c a n t  problem 
encountered dur ing  the development 
and f l i g h t  demonstrat ion of t h e  FTMAP 
w a s  t h e  s e n s i t i v i t y  of t h e  a u t o p i l o t  
t o  t h e  aerodynamic model. This  i s  n o t  
a problem unique to  c o n t r o l  l a w  design 
f o r  an FTMAP, b u t  t h e  consequences are 
more severe  than f o r  convent ional  con- 
t r o l  l a w  design. I f  t h e  FTMAP i s  t o  
be a t o o l  f o r  t h e  i n i t i a l  f l i g h t  test 
of a new veh ic l e ,  t h e  des ign  must be 
more robus t  and probably more adapt- 
ive .  To restrict t h e  FTMAP t o  veh ic l e s  
wi th  well-known and well-modeled aerody- 
namics is  t o  l i m i t  i t s  a p p l i c a t i o n  so 
s e v e r e l y  t h a t  t h e  FTMAP would have 
l i t t l e  practical value as a generic 
f l i g h t  tes t  technique. 

Most of t h e  problems encountered 
du r ing  FTMAP f l i g h t  t es t  were r e l a t e d  to  
Mach number con t ro l .  These problems 
occurred dur ing  t h e  t r a n s i t i o n  from core 
engine t o  a f t e r b u r n e r  and a f t e r  t h e  
t h r u s  t - l i m i  t ed  cond i t ion  . Both of t hese  
r eg ions  are h igh ly  nonl inear  t r a n s i t i o n s  
t h a t  are somewhat veh ic l e  dependent. 
However, techniques can be developed t o  
r e g u l a t e  t he  rate of o n s e t  of angle  of 
a t t a c k  as m i l i t a r y  power i s  approached. 
The c o n t r o l  of a v e h i c l e  i n  a t h r u s t -  
l i m i t e d  t u r n  is  a d i f f i c u l t  b u t  achiev- 
able task.  These t w o  a s p e c t s  of Mach 

t 

1 

number c o n t r o l  should be explored on 
f u t u r e  p ro jec t s .  

The development and demonstrat ion of 
a d d i t i o n a l  maneuvers are areas of f u t u r e  
FTMAP research .  These inc lude  n o t  on ly  
t h e  demonstrat ion of maneuvers a l r eady  
developed, b u t  a l s o  the  development and 
demonstrat ion of t o t a l l y  new maneuvers 
based on t h e  c a p a b i l i t i e s  of t h e  FTMAP. 
Two performance maneuvers were developed 
f o r  t h e  FTMAP b u t  w e r e  no t  demonstrated 
i n  f l i g h t :  t h e  c o n s t a n t - t h r o t t l e  
pushover-pullup and t h e  rocking-horse 
maneuvers. These maneuvers would be a 
u s e f u l  ad junc t  t o  t h e  r e l a t e d  f l i g h t  
r e sea rch  maneuvers f o r  t he  FTMAP. 

I n  p a r t i c u l a r ,  t h e  rocking-horse 
maneuver i s  an  extremely demanding and 
d i f f i c u l t  maneuver. Figure 23 i l l u s -  
trates two pi lot-f lown rocking-horse 
maneuvers. The supersonic  maneuver 
shown i n  f i g u r e  23 (a )  w a s  performed a t  
nominal cond i t ions  of Mach 1.40 and an 
a l t i t u d e  of 12,200 m (40,000 f t ) .  The 
subsonic  maneuver shown i n  f i g u r e  23(b)  
w a s  flown about  nominal condi t ions  of 
Mach 0.90 and an a l t i t u d e  of 7600 m 
(25,000 f t ) .  A f e a t u r e  most apparent  
from these  two t i m e  h i s t o r i e s  is  t h e  
a l t i t u d e  range. The rocking-horse 
maneuver is  supposed t o  be a cons tan t -  
a l t i t u d e  maneuver. The d i f f i c u l t y  of 
c o n t r o l l i n g  a l t i t u d e  i s  shown i n  t h e  
a l t i t u d e - r a t e  t i m e  h i s t o r i e s .  The 
p i l o t  must c o n s t a n t l y  compensate f o r  
a l t i t u d e  rate t h a t  i s  generated as a 
consequence of changing t h e  normal 
a c c e l e r a t i o n  of t h e  vehic le .  Because 
t h e  information needed t o  f l y  t h i s  
maneuver ( a l t i t u d e ,  Mach number, and 
normal a c c e l e r a t i o n )  is  on t h r e e  sep- 
arate ins t ruments ,  t h e  t a s k  i s  even 
more d i f f i c u l t  f o r  t h e  p i l o t .  

Two rocking-horse maneuvers flown by 
t h e  FTMAP i n  t h e  HiMAT s imula tor  are 
shown i n  f i g u r e  24. The maneuver shown 
i n  f i g u r e  2 4 ( a )  w a s  executed a t  simu- 
l a t e d  cond i t ions  of Mach 1.10 and an 
a l t i t u d e  of 12,200 m (40,000 f t ) .  The 
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maneuver shown i n  f i g u r e  24(b)  w a s  
executed a t  s imulated cond i t ions  of 
Mach 1.20 and an a l t i t u d e  of 7600 m 
(25,000 f t ) .  Because these maneuvers 
w e r e  executed on the  s imula tor  and n o t  
i n  f l i g h t ,  they should n o t  be compared 
t o o  c l o s e l y  wi th  t h e  pi lot-f lown rocking- 
horse  maneuvers. However , t h e  f e a t u r e s  
t o  be noted i n  t h e  s imulated FTMAP 
maneuvers are t h e  a l t i t u d e  c o n t r o l ,  the 
v i r t u a l  absence of a l t i t u d e  rate dur ing  
the rocking-horse maneuver i t s e l f ,  and 
t h e  r e p e a t a b i l i t y  of each cyc le  of the  
maneuver. Based on t h e  experience with 
t h e  FTMAP i n  a l e v e l  t u r n  ( f i g .  201, t h e  
f l i g h t  r e s u l t s  would probably be about  
t h e  same as the  s imula tor  r e s u l t s  pre- 
s en ted  here.  

F l i g h t  r e sea rch  maneuvers t h a t  
could be performed by an FTMAP inc lude  
( 1 )  a l t i t u d e  and Mach number p r o f i l e s  
flown a t  cons t an t  Reynolds  number or 
dynamic p res su re  wi th  a s p e c i f i e d  angle  
of at tack, and (2) cons tan t - a l t i t ude  
a c c e l e r a t i o n s  and d e c e l e r a t i o n s  performed 
a t  a s p e c i f i e d  angle  of at tack or normal 
a c c e l e r a t i o n .  These maneuvers are even 
more demanding of the  p i l o t  than the 
rocking-horse maneuver and would b e n e f i t  
g r e a t l y  from automation. 

A l i m i t a t i o n  imposed on the  FTMAP by 
t h e  p i l o t  i n t e r f a c e  with the  system w a s  
t h e  need t o  achieve a l t i t u d e  by manually 
f l y i n g  t h e  veh ic l e  t o  the  d e s i r e d  a l t i -  
tude.  I n  f a c t ,  the  use  of thumbwheel 
swi tches  t o  select  maneuvers and maneuver 
cond i t ions  w a s  somewhat l imi t ing .  The 
pilot-FTMAP i n t e r f a c e  is  one of t he  
areas i n  which research would be bene- 
f i c i a l .  This  w i l l  be a p a r t i c u l a r l y  
impor tan t  i s s u e  when the  FTMAP is  
app l i ed  t o  a manned vehic le .  

CONCLUDING REMARKS 

An experimental  f l i g h t  tes t  maneuver 
a u t o p i l o t  (FTMAP) w a s  developed f o r  t he  
h i g h l y  maneuverable a i r c r a f t  technology 
( H i M A T )  vehic le .  This  a p p l i c a t i o n  of 
the FTMAP rep resen t s  a proof of concept  
of  an advanced f l i g h t  tes t  technique 

r a t h e r  than a f i n i s h e d  production-type 
system. The FTMAP w a s  used t o  f l y  
l e v e l  a c c e l e r a t i o n s  and d e c e l e r a t i o n s ,  
constant-Mach pushover pu l lups ,  excess- 
t h r u s t  windup t u r n s ,  and th rus t - l imi t ed  
windup tu rns .  A l l  maneuvers f o r  which 
it w a s  designed,  except  t he  cons tan t -  
t h r o t t l e  pushover-pullup and t h e  
rocking-horse maneuvers, w e r e  demon- 
strated i n  f l i g h t .  The FTMAP performed 
excep t iona l ly  w e l l -  meeting and o f t e n  
exceeding the  extremely demanding maneu- 
ver  to le rances :  Mach wi th in  2 0.01 , 
a l t i t u d e  wi th in  k150 m (*SO0 f t ) ,  ang le  
of a t t a c k  wi th in  f O . 5 " ,  and normal 
a c c e l e r a t i o n  wi th in  k0.5 g. 
cases, t h e  Mach number to l e rance  w a s  n o t  
m e t .  However, even i n  these  in s t ances ,  
t h e  FTMAP proved capable  of c o n t r o l l i n g  
t h e  HiMAT veh ic l e  t o  to l e rances  compar- 
able to  those f o r  a p i l o t  us ing  normal 
p i l o t i n g  techniques.  This  new technique 
has been demonstrated i n  f l i g h t  and has 
proved t o  be a va luable  too l .  

In  some 

The s t a t e d  goa l s  of t h e  FTMAP devel-  
opment were t o  inc rease  t h e  q u a n t i t y  
and q u a l i t y  of t h e  d a t a  obtained i n  
f l i g h t  test. The o b j e c t i v e s  were to  
provide p r e c i s e ,  r epea tab le  c o n t r o l  of 
t h e  HiMAT veh ic l e  dur ing  c e r t a i n  pre- 
s c r ibed  maneuvers and t o  ensure  t h a t  
a l a r g e  q u a n t i t y  of h igh-qual i ty  test 
d a t a  could be obta ined  i n  a minimum of 
f l i g h t  t i m e .  A l l  t h e s e  goa l s  and objec- 
t i v e s  were m e t .  The FTMAP increased  the 
o v e r a l l  q u a l i t y  of maneuvers s i g n i f i -  
c a n t l y  beyond what could be obta ined  by 
manual con t ro l .  The q u a n t i t y  of d a t a  
w a s  increased  because t h e  FTMAP per- 
formed maneuvers i n  less t i m e  than  t h e  
p i l o t  and a l s o  because maneuvers d i d  
n o t  have t o  be repea ted  because of poor 
maneuver execut ion.  

This  r e p o r t  documents the develop- 
ment of t he  FTMAP from the  d e f i n i n g  of 
des ign  requirements to  FTMAP f l i g h t  
test. The a p p l i c a t i o n  of l i n e a r  analy-  
sis, modeling techniques,  f l i g h t  
hardware-in-the-loop s imula t ion ,  and 
f l i g h t  tes t  i s  i l l u s t r a t e d .  The r e s u l t  
of t h i s  FTMAP development i s  an auto- 
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p i l o t  t h a t  provides  p r e c i s e ,  r epea tab le  
c o n t r o l  of an a i r c r a f t  dur ing  pre- 
s c r i b e d  maneuvers and also allows the  
c o l l e c t i o n  of a l a r g e  q u a n t i t y  of high- 
q u a l i t y  da t a .  Although f i r s t  appl ied  t o  

r e sea rch  v e h i c l e  (RPRV), the FTMAP 
r e p r e s e n t s  a broadly app l i cab le  f l i g h t  
t es t  technique t h a t  has  t h e  p o t e n t i a l  
t o  b e n e f i t  any f l i g h t  program. 
FTMAP provides  t h e  p i l o t  with a power- 

t 
I 
1 
I a high-performance remotely p i l o t e d  

r 

The 

f u l  a i d  t h a t  a l lows  mul t ip l e  parameters 
t o  be c o n t r o l l e d  s imultaneously t o  
exac t ing  to l e rances .  
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APPENDIX A - DETAILED FTMAP SYSTEMS 
DESCRIPTION 

The FTMAP w a s  developed t o  s a t i s f y  
the  p r o j e c t  requirements f o r  p r e c i s e ,  
r epea tab le  maneuvers. The ope ra t iona l  
c h a r a c t e r i s t i c s  and the  ope ra t iona l  
mechanization of the  FTMAP f o r  t he  
HiMAT system are descr ibed  i n  t h i s  
appendix. Figure 25 is  an overview 
of  t he  HiMAT-FTMAP s imula t ion  system 
showing the  i n p u t  pane l  and FTMAP 
c o n t r o l  l a w s  descr ibed  i n  t h i s  s e c t i o n  
and t h e  command genera t ion  func t ion  
descr ibed  i n  the  s imula t ion  a n a l y s i s  
s e c t i o n  (app. C ) .  

FTMAP Operat ional  C h a r a c t e r i s t i c s  

The FTMAP ope ra t e s  as an ou te r  loop 
t o  t h e  PCS shown i n  f i g u r e  4,  employing 
two a d d i t i o n a l  ground-based computers 
( f i g .  26). I n  t h i s  system, w h i l e  the 
FTMAP is  engaged, the normal PCS p i l o t  
i n p u t  commands ( t h a t  i s ,  l o n g i t u d i n a l  
s t i c k ,  l a te ra l  s t i c k ,  and t h r o t t l e  
p o s i t i o n )  are rep laced  by corresponding 
commands generated i n  t h e  FTMAP com- 
pu te r .  The p i l o t  r e t a i n s  rudder peda l  
c o n t r o l  t o  t r i m  s i d e s l i p ;  no E'TMAP i n p u t  
i s  requi red  i n  t h e  yaw a x i s .  The PCS 
c o n t r o l  l a w s  execute  i n  series w i t h  the 
FTMAP c o n t r o l  l a w s  and provide the  
inner- loop s t a b i l i t y  augmentation. 

Both t h e  FTMAP and t h e  PCS computers 
r ece ive  i n p u t s  from downlink process ing  
computers t h a t  provide subframe decom- 
mutation of t h e  downlink data stream. 
The d a t a  a v a i l a b l e  t o  t h e  FTMAP com- 
p u t e r  are i d e n t i c a l  t o  those  a v a i l a b l e  
t o  the  PCS computer. The FTMAP computer 
accep t s  data from a cockp i t  i n p u t  pane l  
( f i g s .  25 and 27) t h a t  a l lows d e f i n i -  
t i o n  of t h e  tes t  cond i t ion  parameters ,  
such as maneuver number, angle  of 
a t t a c k ,  normal a c c e l e r a t i o n ,  and Mach 
number. This  i n p u t  pane l  i nc ludes  
thumbwheel swi tches ,  an annunciator  
d i s p l a y ,  and two e lec t romagnet ic  con- 
t r o l  switches f o r  FTMAP engagement and 
manuever i n i t i a t i o n  ( f i g .  28).  

The system conf igu ra t ion  for incor -  
po ra t ing  the  FTMAP i n t o  the  bas i c  HiMAT 
PCS w a s  s e l e c t e d  according to  t h e  
a v a i l a b i l i t y  of hardware and t h e  con- 
venience of mechanization. Because a 
d u p l i c a t e  set  of c o n t r o l  and decom- 
mutation computers w a s  a l r e a d y  a v a i l a b l e  
i n  t h e  RPRV f a c i l i t y ,  t hese  computers 
were used. I f  t hese  computers had n o t  
been a v a i l a b l e ,  a s impler  scheme, such 
as t h e  inc lus ion  of t h e  FTMAP c o n t r o l  
l a w s  w i th in  t h e  PCS computer, could have 
been employed f o r  t h e  mechanization of 
t h e  FTMAP. 

The procedure f o r  f l y i n g  a maneuver 
w i t h  t h e  FTMAP r e q u i r e s  the  p i l o t  t o  f l y  
t o  the  d e s i r e d  tes t  a l t i t u d e .  When 
a l t i t u d e  rate i s  wi th in  a nominal 
1 5-m/sec (* 350-f t/sec 1 window and t h e  
veh ic l e  is  a t  the  t a r g e t  a l t i t u d e ,  t h e  
FTMAP is engaged us ing  the  cockp i t  i n p u t  
panel. Each maneuver sequence c o n s i s t s  
of t h r e e  phases: s t r a i g h t  and l e v e l ,  
maneuver c o n t r o l ,  and maneuver disen-  
gagement. Engagement of the  FTMAP 
establishes a r e fe rence  a l t i t u d e  and 
p u t s  t h e  FTMAP i n t o  a s t ra ight -and-  
l e v e l ,  a l t i t ude -ho ld  mode. For the  
l e v e l  a c c e l e r a t i o n  and d e c e l e r a t i o n  
maneuvers, t h e  s t ra ight -and- leve l  phase 
of any of the  manuevers could be used 
and selected independent ly  of t h e  o t h e r  
two phases,  t o  provide an  a l t i t ude -ho ld  
a u t o p i l o t  with Mach number con t ro l .  
During t h e  maneuver c o n t r o l  phase,  t h e  
FTMAP f l i e s  t he  veh ic l e  through the  test 
maneuver and monitors t h e  veh ic l e  s ta tes  
t o  determine when t h e  t es t  condi t ions  
are m e t  and whether any predefined 
mission l i m i t s  are exceeded. This  mon- 
i t o r i n g  of predef ined  mission l i m i t s  is 
used t o  determine whether t h e  FTMAP 
should be allowed t o  cont inue  a maneu- 
ver .  I f  one of these l i m i t s  is  encoun- 
t e r e d ,  t he  FTMAP au tomat i ca l ly  e n t e r s  
the maneuver disengagement phase and 
r e t u r n s  the  veh ic l e  to  s t ra ight-and-  
l e v e l  f l i g h t  a t  t h e  r e fe rence  a l t i t u d e .  

The FTMAP is  equipped with s i x  pro- 
cedures  f o r  e x i t i n g  a maneuver. In  
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t h r e e  of t hese  procedures ,  t h e  FTMAP 
remains ope ra t ive  and performs a con- 
t r o l l e d  e x i t ;  i n  t h e  o t h e r  t h r e e ,  it 
i s  completely disengaged. In  i t s  normal 
ope ra t ion ,  t he  FTMAP performs a con- 
t r o l l e d  e x i t  from the maneuver phase, 
execut ing  a smooth, g e n t l e  ramping o u t  
of bank angle  and load f a c t o r  and 
r e t u r n i n g  the  a i r c r a f t  t o  s t ra ight -and-  
l e v e l  f l i g h t .  

i 

The e x i t  phase,  l i k e  the s t r a i g h t -  
and-level  and maneuver phases,  i s  i n d i -  
cated on t h e  ins t rument  panel.  I m m e -  
d i a t e l y  a f t e r  an e x i t  has  been com- 
manded, t h e  e x i t  i n d i c a t o r  is  i l lumi-  
nated and the  maneuver i n d i c a t o r  t u rns  
o f f .  The e x i t  phase does n o t  ramp t h e  
a i r c r a f t  completely back to  s t r a i g h t  and 
l e v e l .  A t  a c e r t a i n  po in t ,  based on t h e  
bank angle  of t h e  a i r c r a f t ,  t he  FTMAP 
changes from t h e  e x i t  phase t o  the 
s t r a igh t - and- l eve l  phase. The l i g h t -  
e m i t t i n g  diode (LED) annuncia tors  on the 
ins t rument  pane l  change accordingly.  
The FTMAP then  a t tempts  to  r ega in  the  
engagement a l t i t u d e  and t h e  thumbwheel- 
s e l e c t e d  Mach number. 

The primary method of e x i t i n g  a 
maneuver is t o  p u l l  t he  maneuver switch 
t o  the  o f f  pos i t i on .  T h i s  immediately 
commands the e x i t  phase,  which begins  to  
ramp t h e  a i r c r a f t  back t o  s t ra ight -and-  
l e v e l  f l i g h t .  The rate a t  which t h e  
a i rcraf t  r e t u r n s  to  s t r a igh t  and level 
i s  dependent on t h e  maneuver selected. 
I n  an angle-of-at tack commanded wind- 
up t u r n ,  t he  a i r c r a f t  ramps back to  
s t r a i g h t  and l e v e l  a t  an angle-of-at tack 
rate of 1.60 deg/sec. In  a normal- 
a c c e l e r a t i o n  commanded windup t u r n ,  
t h e  ramping rate is 1.28 g/sec. The 
ramping rate dur ing  t h e  e x i t  phase of a 
pushover-pullup maneuver is  0.50 deg/sec,  
which is  equ iva len t  to  t h e  rate through- 
o u t  t h e  maneuver phase. 

The normal manuever e x i t  phase can 
a l s o  be t r i gge red  by reaching one of 
t h e  p r e s e t  l i m i t s  incorpora ted  i n t o  t h e  
FTMAP t o  r e f l e c t  envelope l i m i t s  imposed I 

on t h e  vehic le .  These p r e s e t  l i m i t s  are 
based on the  a c t u a l  angle  of at tack, 
normal a c c e l e r a t i o n ,  dynamic pressure ,  
and Mach number l i m i t s  of the  a i r c r a f t  
minus a to l e rance  value.  The to l e rance  
va lue  provides  a s a f e t y  margin to  pre- 
ven t  p o s s i b l e  damage t o  t h e  a i r c r a f t .  
This  method ensures  that  an e x i t  is com- 
manded i f  a l i m i t  i s  reached, r ega rd le s s  
of t he  maneuver se l ec t ed .  In  a windup 
t u r n ,  t h e  type of maneuver s e l e c t e d  
determines t h e  ramping rate back to  
s t r a i g h t  and l e v e l .  For example, i f  t h e  
a i r c r a f t  were i n  a normal-acceleration 
commanded windup t u r n  and reached an 
angle-of-at tack l i m i t ,  it would ramp 
back t o  s t r a i g h t  and l e v e l  a t  a rate 
corresponding to  a normal-accelerat ion 
commanded windup turn .  

Another method of commanding a nor- 
mal e x i t  from a windup t u r n  maneuver i s  
based on a maneuver timer. When t h e  
FTElAP reaches i t s  t a r g e t  condi t ion ,  t h e  
maneuver timer starts. The FTMAP holds  
t h e  t a r g e t  cond i t ion  f o r  the prescr ibed  
amount of t i m e  and then commands an  
e x i t .  In  both the  envelope l i m i t s  and 
maneuver timer methods descr ibed ,  t h e  
magnetic maneuver switch au tomat ica l ly  
r e t u r n s  to  the  o f f  p o s i t i o n  when an e x i t  
i s  commanded by t h e  FTMAP. 

The t h r e e  remaining procedures 
completely disengage t h e  a u t o p i l o t  and 
r e t u r n  c o n t r o l  t o  the p i l o t .  The pri-  
mary method of disengaging t h e  a u t o p i l o t  
i s  t o  squeeze the t r i g g e r  swi tch  on t h e  
c o n t r o l  s t i c k .  Squeezing t h e  t r i g g e r  
r e t u r n s  one o r  both of t he  FTMAP electro- 
magnetic c o n t r o l  switches t o  t h e i r  
o r i g i n a l  p o s i t i o n s ,  depending on t h e  
c u r r e n t  phase of FTMAP opera t ion .  The 
sound a s s o c i a t e d  wi th  t h e  disengagement 
of t he  c o n t r o l  swi tches  provides  t h e  
p i l o t  with a p o s i t i v e  a u r a l  i n d i c a t i o n  
t h a t  he has  c o n t r o l  of t he  a i r c r a f t .  

An e q u a l l y  e f f e c t i v e  procedure t o  
disengage t h e  FTMAP i s  t o  p u t  t h e  mag- 
n e t i c  l eve l - c ru i se  switch i n  t h e  d i s -  
engage pos i t i on .  I f  t h e  a i r c r a f t  is 

15 



i n  a maneuver, t h i s  a c t i o n  also causes  

t h e  o f f  pos i t i on .  
I t h e  magnetic maneuver s w i t c h  t o  move t o  

The t h i r d  method of disengaging the 
a u t o p i l o t  involves  the G-ERR/ILS-GLSP 
swi tch  behind the  thumbwheel switches 
( f i g .  28). The G-ERR p o s i t i o n  provides  
t h e  p i l o t  with a s p e c i a l  f l i g h t  d i r e c t o r  
d i s p l a y ,  while  t h e  ILS-GLSP p o s i t i o n  
provides  the p i l o t  with ins t rument  
landing-gl ideslope guidance. When 
t h i s  swi tch  is  pushed forward t o  the  
ILS-GLSP p o s i t i o n ,  the  FTElAP d isen-  
gages. Although n o t  intended t o  be 
t h e  primary means of disengagement, 
t h i s  method prevents  t he  p o s s i b i l i t y  
of  e n t e r i n g  a manuever whi le  a t tempt ing  
t o  land. 

T o t a l l y  disengaging the FTMAP causes  
I the  c u r r e n t  s t i c k  and t h r o t t l e  p o s i t i o n s  
I t o  be s e n t  to  the  PCS and hence to  the 

vehic le .  Thus, us ing  one of t hese  pro- 
cedures  that  completely disengage the 
a u t o p i l o t  has  the  p o t e n t i a l  f o r  i n t r o -  
ducing l a r g e  t r a n s i e n t  commands. To 
minimize unacceptable  t r a n s i e n t  commands 
du r ing  FTMAP disengagement, the t h r o t t l e  
i s  l e f t  i n  t h e  p o s i t i o n  i n  which it w a s  
dur ing  FTMAP engagement and the s t i c k  is  
re turned  t o  the ze ro  command pos i t ion .  
I n  s imula tor  s t u d i e s ,  it w a s  observed 
t h a t  this procedure r e s u l t e d  i n  not ice-  
a b l e  t r a n s i e n t s  on ly  i n  the longi tudi -  
n a l  a x i s  dur ing  a high-g turn .  This  i s  
because the PCS had an e s s e n t i a l l y  
f u l l - a f t  s t i c k  command suddenly rep laced  
by a n e u t r a l  p o s i t i o n  s t i c k  command. 
e f f e c t  was to  r e t u r n  t h e  e l e v a t o r  and 
elevon r a p i d l y  from an extreme t r a i l i n g -  
edge up p o s i t i o n  to  a ze ro  pos i t i on .  
Hence, t h e  veh ic l e  began immediately to  
lose a l t i t u d e .  The induced t r a n s i e n t ,  
while  no t i ceab le ,  w a s  extremely benign 
and d i d  n o t  r e q u i r e  excess ive  p i l o t  
a t t e n t i o n  t o  r e t u r n  the veh ic l e  t o  wings- 
l e v e l  f l i g h t .  

FTMAP Opera t iona l  Mechanization 

I 
The 

~ 

The cockp i t  i n p u t  pane l  ( f i g .  28 )  
a l lows  s e l e c t i o n  of maneuver and tes t  

condi t ion  parameters by means of the  
thumbwheel switches.  This  pane l  also 
inc ludes  e lec t romagnet ic  switches that 
c o n t r o l  FTmP engagement ( l e v e l  c r u i s e )  
and maneuver i n i t i a t i o n .  All commands 
t o  the FTMAP r e t u r n  a p o s i t i v e  ind ica -  
t i o n  when accepted by t h e  a u t o p i l o t .  
Because the c o n t r o l  swi tches  are mag- 
n e t i c ,  they  can only  be engaged (and 
remain engaged) i f  t he  appropr i a t e  
s i g n a l s  are s e n t  from the  FTMAP com- 
puter .  Af te r  the FTMAP is  engaged 
us ing  the l eve l - c ru i se  swi tch ,  one 
of  t he  t h r e e  s t a t u s  l i g h t s  on the 
ins t rument  panel  ( f i g .  27) is i l lumi-  
na ted ,  i n d i c a t i n g  the  c u r r e n t  maneuver 
phase of the FTMAP. 

The FTMAP computer cont inuously 
monitors a PCS computer-generated 
disengage s i g n a l  and a downlink d i s c r e t e  
s i g n a l  t ha t  i n d i c a t e s  backup c o n t r o l  
system ( X S )  opera t ion .  I f  either of 
these  are se t ,  t h e  FTMAP computer does 
n o t  p e r m i t  engagement. An electromagnet  
i s  used t o  hold t h e  two c o n t r o l  swi tches  
i n  the engaged pos i t i on .  As a s a f e t y  
p recau t ion ,  t h e  maneuver switch cannot  
be engaged i f  the l eve l - c ru i se  swi tch  i s  
n o t  engaged. The maneuver swi tch  is  
a l s o  equipped with a channel  guard t o  
p reven t  a c c i d e n t a l  engagement. 

The thumbwheel switches ( f i g s .  25 
and 28) are used t o  select the  d e s i r e d  
maneuver, t a r g e t  cond i t ion ,  and Mach 
number. The f i r s t  set of thumbwheel 
swi tches  d e f i n e s  t h e  maneuver t o  be 
performed. Table 1 g ives  a descr ip-  
t i o n  of each maneuver by maneuver 
s e t t i n g  number. 

The second set  of thumbwheel 
swi tches  d e f i n e s  (1  1 t he  t a r g e t  angle  
of attack acmd f o r  e i t h e r  a r i g h t  or 
l e f t  angle-of-at tack commanded windup 
t u r n ,  or ( 2 )  the reques ted  angle-of- 
a t t a c k  range Aa f o r  e i t h e r  type  of 
pushover-pullup maneuver. The t h i r d  
s e t  of thumbwheel swi tches  d e f i n e s  ( 1 )  
t h e  t a r g e t  normal acceleration f o r  a 
r i g h t  or l e f t  normal-accelerat ion com- 
manded windup t u r n ,  or ( 2 )  the Aan f o r  

16 



the rocking-horse maneuver. The f o u r t h  
se t  of thumbwheel swi tches  is  used t o  
i n p u t  t h e  Mach number t o  be reached and 
maintained dur ing  a maneuver. 

The LED annuncia tors  d i s p l a y  
the c u r r e n t  thumbwheel swi tch  values  
r e g i s t e r e d  i n  t h e  FTMAP computer. 
The annuncia tors  d i s p l a y  only  t h e  
informat ion  p e r t i n e n t  t o  t h e  s e l e c t e d  
maneuver. For example, i f  a normal- 
a c c e l e r a t i o n  commanded windup t u r n  
is  s e l e c t e d ,  a nonzero t a r g e t  angle- 
o f - a t t ack  command r e g i s t e r s  as ze ro  
on the  LED annunciators .  

To monitor FTMAP ope ra t ion ,  the 
cockp i t  i s  equipped wi th  t h r e e  E'TMAP 
s t a t u s  l i g h t s  l oca t ed  on t h e  i n s t r u -  
ment pane l  d i r e c t l y  below t h e  a t t i t u d e -  
d i r e c t i o n - r a t e  and yaw-rate i n d i c a t o r s  
( f i g .  27) .  These l i g h t s  are horizon- 
t a l l y  placed LEDs t h a t  i n d i c a t e  t h e  
p r e s e n t  phase of t h e  FTMAP opera t ion .  
The LEDs i n d i c a t e  (from l e f t  to  r i g h t )  
l e v e l  c r u i s e ,  maneuver, and e x i t ,  cor- 
responding t o  t h e  s t ra ight -and- leve l ,  
maneuver c o n t r o l ,  and maneuver disen-  
gagement phases,  r e spec t ive ly .  
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APPENDIX B -CONTROL LAW DESCRIPTION 

The FTMAP c o n t r o l  l a w s  are composed 
of s e v e r a l  c o n t r o l  modes: a l t i t u d e  
hold ,  angle-of-attack c o n t r o l ,  normal- 
a c c e l e r a t i o n  c o n t r o l ,  wings-level 
c o n t r o l ,  t u r n  c o n t r o l ,  and t h r o t t l e  
c o n t r o l  ( r e f .  5 ) .  Depending on the  
maneuver being executed, var ious  modes 
are selected as shown i n  table 2. 

The a l t i t ude -ho ld  mode ( f i g .  29) 
maintains  a l t i t u d e  dur ing  s t ra ight -and-  
l e v e l  f l i g h t .  In  t h i s  mode, t he  longi-  
t u d i n a l  command t o  the a i r c r a f t  i s  
c o n t r o l l e d  by an a l t i t u d e - r a t e  feedback 
s i g n a l  and an a l t i t u d e  error s i g n a l .  
The a l t i t u d e  error s i g n a l  i s  t h e  d i f -  
f e r ence  between the  FTMAP engagement 
a l t i t u d e  and t h e  a c t u a l  a i r c r a f t  a l t i -  
tude.  The a l t i t ude -ho ld  mode is  designed 
t o  cap tu re  a l t i t u d e  under r e l a t i v e l y  
f avorab le  condi t ions;  the combined 
a l t i t u d e - r a t e  and a l t i t u d e  e r r o r  s i g n a l  
i s  l i m i t e d  t o  keep the  a i rcraf t  wi th in  
t h e  range of 0 t o  2.5 g. The l imi t ed  
command s i g n a l  is  mul t ip l i ed  by a ga in  
based on dynamic p res su re  and is  passed 
through an inve r se  s t i c k  shaper  and out- 
p u t  limiter. 

The angle-of-at tack c o n t r o l  mode 
( f i g .  30) provides  c o n t r o l  of t he  longi-  
t u d i n a l  a x i s  i n  the  angle-of-at tack com- 
manded windup t u r n  and pushover-pullup 
maneuvers. This mode i s  based on an 
angle-of-at tack e r r o r  s i g n a l ,  which is  
t h e  d i f f e r e n c e  between t h e  commanded 
FTMAP angle  of attack and t h e  sensor-  
measured angle  of a t t a c k  of the  air- 
c r a f t .  The angle-of-at tack e r r o r  s ig -  
n a l  fol lows two pa ths  - a d i rec t  ga in  
pa th  and an i n t e g r a l  ga in  path.  The 
d i r e c t  ga in  pa th  provides  an immediate 
ou tpu t  command b u t  goes t o  ze ro  as the 
t a r g e t  condi t ion  is  reached. The ou tpu t  
command produced through the  i n t e g r a l  
pa th  l ags  the e r r o r  s i g n a l  b u t  can main- 
t a i n  a t a r g e t  cond i t ion  even a f t e r  t he  
e r r o r  s i g n a l  has gone t o  zero.  Sat- 
u r a t i o n  of t h e  i n t e g r a t o r  is  prevented 
by l i m i t i n g  t h e  i n t e g r a t o r .  The d i r e c t  
pa th  and i n t e g r a l  pa th  s i g n a l s  are com- 

bined,  and the r e s u l t a n t  command i s  
passed through a dynamic-pressure ga in  
schedule ,  an inve r se  s t i c k  shaper ,  and 
an  ou tpu t  l i m i t e r .  

The normal-accelerat ion c o n t r o l  mode 
( f i g .  31 ) is  used with the  normal- 
a c c e l e r a t i o n  commanded windup t u r n  and 
t h e  rocking-horse maneuver. This  mode 
i s  i d e n t i c a l  i n  every r e s p e c t  t o  the  
angle-of-at tack c o n t r o l  mode p rev ious ly  
descr ibed ,  except  f o r  i t s  inputs .  The 
main i n p u t s  f o r  t h i s  mode form a normal- 
a c c e l e r a t i o n  error s i g n a l ,  which i s  t h e  
d i f f e r e n c e  between the  commanded FTMAP 
normal a c c e l e r a t i o n  and the  sensor- 
measured a i r c r a f t  normal acce le ra t ion .  

The wings-level c o n t r o l  mode 
( f i g .  32) provides  c o n t r o l  of t h e  
la teral  a x i s  of t h e  a i rcraf t  i n  both 
s t ra ight -and- leve l  f l i g h t  and the 
pushover-pullup maneuver. Bank a t t i t u d e  
i s  maintained near  ze ro  through t h e  use 
of r o l l - r a t e  and bank-angle feedback 
s i g n a l s ,  which are sca l ed  before  being 
combined. The r e s u l t a n t  s i g n a l  is  
passed through a combination of l imiters 
and a l i m i t e d  i n t e g r a t o r .  The f i r s t  
l imiter acts as a rate l i m i t  t o  c o n t r o l  
t h e  maximum rate  of change of t h e  
la teral  command; t h e  second l imiter  pre- 
vents  s a t u r a t i o n  of t h e  i n t e g r a t o r .  
Dynamic pressure and Mach number are 
used to  provide a scheduled s c a l i n g  fac-  
t o r  p r i o r  to  the  f i n a l  ou tpu t  l imiter.  

The t u r n  c o n t r o l  mode ( f i g .  33)  pro- 
v ides  l a t e r a l - a x i s  c o n t r o l  dur ing  any of 
t h e  t u r n  maneuvers. A roll-rate error 
s i g n a l ,  an a l t i t u d e  error s i g n a l ,  and an  
a l t i t u d e - r a t e  feedback s i g n a l  are the  
primary inpu t s .  The r e fe rence  a l t i t u d e  
i s  maintained by means of t he  a l t i t u d e -  
rate and a l t i t u d e  e r r o r  s i g n a l s .  The 
r o l l - r a t e  and a l t i t u d e  error s i g n a l s  are 
used to  provide e f f e c t i v e  bank-angle 
con t ro l .  The r o l l - r a t e  s i g n a l  is sca l ed  
before  reaching a washout f i l t e r .  The 
washout f i l t e r  removes s t eady- s t a t e  
e f f e c t s  and al lows t h e  t u r n  t o  be 
e s t a b l i s h e d  f o r  a nonzero r o l l  rate. 
To prevent  excess ive  a l t i t u d e  e r r o r  
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e f f e c t s ,  t h e  a l t i t u d e  s i g n a l  i s  passed 
through a l i m i t e r  and a s c a l i n g  f a c t o r  
be fo re  being combined with the  a l t i t u d e -  
rate s igna l .  The a l t i t u d e - r a t e  s i g n a l  
a l s o  fol lows a d i r e c t  pa th  and is  summed 
downstream of t h e  l i m i t e d  i n t e g r a t o r .  
The combined limiters and l i m i t e d  
i n t e g r a t o r  are i d e n t i c a l  to those  i n  
the wings-level c o n t r o l  mode. Dynamic 
p res su re  and Mach number are used t o  
compute a scheduled ga in  f a c t o r  before  
t h e  f i n a l  l i m i t i n g  process .  

The t h r o t t l e  c o n t r o l  mode ( f i g .  34) 
is  used i n  a l l  FTMAP maneuvers except  
t h e  pushover p u l l u p  wi th  f i x e d  t h r o t t l e .  
The equ iva len t  th ro t t le  command is  
de r ived  from t h e  combination of an 
impact-pressure error s i g n a l  and an 
impact-pressure-rate  feedback s igna l .  
The impact-pressure error s i g n a l  is  t h e  
r e s u l t  of t h e  combination of a static- 
p res su re  i n p u t ,  a commanded Mach inpu t ,  
and an impact-pressure input .  The com- 
manded Mach number is  passed through a 
p res su re  r a t i o  command schedule  and then 
m u l t i p l i e d  by ambient p re s su re  to  pro- 

cmd' duce an impact-pressure command qc 

The d i f f e r e n c e  between the  commanded 
impact p re s su re  and t h e  a i r c r a f t -  

measured impact p re s su re  i s  mul t ip l i ed  
by a cons t an t  ga in  f a c t o r  before  being 
combined wi th  t h e  impact-pressure e r r o r  
s igna l .  A ga in  schedule  t h a t  i s  depen- 
d e n t  on a l t i t u d e  provides  a s c a l i n g  fac-  
tor f o r  t h e  impact-pressure-rate  s igna l .  
The sca l ed  impact-pressure-rate  s i g n a l  
produces f a s t e r  equ iva len t  t h ro t t l e  
response a t  h igh  a l t i t u d e s  t o  compensate 
f o r  changes i n  the engine dynamics due 
t o  a l t i t u d e .  

Under c e r t a i n  cond i t ions ,  the 
FTMAP is  capable of commanding a f t e r -  
burner  - t h a t  i s ,  dur ing  t h e  s t r a i g h t -  
and-level  maneuver phase i f  the Mach 
number command is  1.00 o r  g r e a t e r  and 
dur ing  t h e  maneuver c o n t r o l  phase of 
any maneuver t h a t  uses  t h r o t t l e  con t ro l .  
Both the  t h r o t t l e  forward-loop ga in  K a b  

and the  t h r o t t l e - r a t e  l imiter change as 
a func t ion  of commanded engine s ta te .  
For equ iva len t  throttle commands wi th in  
the core engine range (less than 98O of 
t h e  p o w e r  l e v e r  angle  command value 
PLkmd),  these parameters are 1.0 and 
50 deg/sec,  r e spec t ive ly ;  f o r  equ iva len t  
t h r o t t l e  commands of 98' of PLAcmd o r  
g r e a t e r ,  these va lues  are 0.33 and 
1 0  deg/sec,  r e spec t ive ly .  
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APPENDIX C - FTMAP DEVELOPMENT 

The f u n c t i o n a l  c a p a b i l i t y  of t h e  
FTMAP is  der ived  from t w o  s e p a r a t e  func- 
t i o n s  - t h e  maneuver command genera t ion  
and t h e  c o n t r o l  l a w s .  The maneuver com- 
mand genera t ion  is  a s u b s e t  of t h e  
underlying swi tch ing  and command genera- 
t i o n  log ic .  Any of s i x  b a s i c  c o n t r o l  
l a w s  can be s e l e c t e d  through t h i s  
swi tch ing  and command l o g i c  to  c o n t r o l  
t h e  equ iva len t  of t h r o t t l e  s e t t i n g  and 
l o n g i t u d i n a l  and lateral  s t i c k  d isp lace-  
ment. This  s e p a r a t i o n  of t h e  command 
and c o n t r o l  func t ions  provides  a f lex-  
i b l e  framework i n  which a d d i t i o n a l  
maneuvers can e a s i l y  be cons t ruc ted .  
The basic c o n t r o l  l a w s  were determined 
us ing  l i n e a r  a n a l y s i s  and classical 
des ign  techniques.  These c o n t r o l  l a w s  
were expanded to  inc lude  nonl inear  ele- 
ments and w e r e  eva lua ted  i n  a high- 
f i d e l i t y ,  real-time, pi lot- in- the- loop 
s imula t ion  environment. This s imula t ion  
w a s  used n o t  on ly  t o  f ine- tune  t h e  con- 
t ro l  l a w s ,  b u t  also to  develop t h e  com- 
mand genera t ion  and swi tch ing  log ic .  

Reference 6 d e s c r i b e s  t h e  develop- 
ment of t h e  l i n e a r  c o n t r o l  l a w s  and pre- 
s e n t s  a pre l iminary  mechanization of t h e  
FTMAP. In r e fe rences  7 and 8 ,  t h e  
c u r r e n t  FTMAP mechanization and c o n t r o l  
d e t a i l s  are explained.  The fol lowing 
s e c t i o n s  of t h i s  appendix desc r ibe  t h e  
development of t h e  FTMAP command genera- 
t i o n  and c o n t r o l  func t ions  and t h e  tools 
used i n  t h e i r  development. 

Cont ro l  L a w  Synthes is  

The FTMAP c o n t r o l  l a w s  w e r e  devel-  
oped us ing  real-time, p i lo t - in- the-  
loop, 6-degree-of-freedom s imula t ion ,  
supported by sampled-data l i n e a r  analy- 
sis. This work w a s  performed under 
c o n t r a c t  t o  NASA ( r e f .  6 )  and formed 
t h e  basis of FTMAP. Using nonl inear  
equat ions  of motion and a ful l -envelope 
nonl inear  aerodynamic model, t h e  l i n -  
e a r i z e d  s ta te  equat ions  were der ived  
about  s e l e c t e d  & r i m  p o i n t s  u s ing  numeri- 
ca l  pe r tu rba t ion .  The de termina t ion  of 
t r i m  u s ing  nonl inear  equat ions  and t h e  

gene ra t ion  of t h e  l i n e a r  m o d e l  were per- 
formed by us ing  a computer program to  
produce the  A, B, H, and G matrices f o r  
a system of t h e  form 

y = Hx_ + GU - - 
0 

where x i s  t h e  d e r i v a t i v e  of t h e  state 
vec to r  with respect t o  t i m e ;  x ,  1, and 
- y are convent iona l  no ta t ions  Tor state, 
c o n t r o l ,  and observa t ion  vectors, re- 
s p e c t i v e l y ;  and A, B, H, and G are 
s ta te ,  c o n t r o l ,  feedforward, and obser- 
va t ion  matrices, r e spec t ive ly .  These 
matrices provided t h e  basic linear 
des ign  models f o r  use i n  a l i n e a r  
des ign  and a n a l y s i s  program ( r e f .  9) .  
The PCS c o n t r o l  l a w s  f o r  t h e  longi-  
t u d i n a l  and l a t e r a l - d i r e c t i o n a l  axes  
w e r e  added to  t h e  basic a i r c r a f t  sys- 
t e m  models t o  o b t a i n  the complete 
l i n e a r  system. 

- 

Figures  35 and 36 show t h e  block 
diagrams f o r  t h e  PCS p i t c h  and ro l l  
axes ,  r e spec t ive ly .  While these  c o n t r o l  
l a w s  are nonl inear  i n  gene ra l ,  both axes  
can be e a s i l y  l i n e a r i z e d  f o r  a given 
f l i g h t  condi t ion .  The main non l inea r i -  
t i es  of t h e  p i t c h  a x i s  are i n  t h e  mecha- 
n i z a t i o n  of t h e  angle-of-at tack and 
normal-accelerat ion boundary c o n t r o l l e r s  
and i n  the maximum and minimum value  
select func t ions .  Because t h e  FTMAP w a s  
designed to  ope ra t e  wi th in  angle-of- 
a t t a c k  and normal-accelerat ion boundary 
l i m i t s ,  t he se  func t ions  could be ignored 
f o r  t he  FTMAP l i n e a r  ana lys i s .  The 
nonl inear  p i t c h  s t i c k  shaping is  e l i m i -  
na ted  from the  PCS l i n e a r  m o d e l  and i s  
compensated by an inve r se  s t i c k  shaper  
i n  t h e  FTMAP l o n g i t u d i n a l  c o n t r o l  l a w s  
( f i g s .  29 t o  3 1 ) .  Figure 37 shows t h e  
l i n e a r  model of t h e  HiMAT PCS p i tch-  
a x i s  c o n t r o l  l a w s  where only  t h e  angle-  
o f - a t t ack  feedback ga in  fk, must be 

s e l e c t e d  as a func t ion  of f l i g h t  con- 
d i t i o n .  

z e r o  f o r  Mach numbers less than one. 

This  ga in  fk, i s  equal  t o  
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Because a l l  l i n e a r  ana lyses  were done 
a t  subsonic  cond i t ions ,  t h i s  loop 
does n o t  appear i n  any of the closed-  
loop  analyses .  

The PCS r o l l  a x i s  is  much less com- 
p l i c a t e d .  
on f l i g h t  cond i t ion ,  t h e  c o n t r o l  l a w s  
are v i r t u a l l y  l i n e a r .  The only  modifi- 
c a t i o n  t o  the  l i n e a r  model is  t h e  e l i m -  
i n a t i o n  of t h e  la teral  s t i c k  ga in  QD, 

which i s  compensated f o r  by t h e  incor-  
po ra t ion  of an  i n v e r s e  func t ion  i n  t h e  
FTMAP la teral  c o n t r o l  l a w s  (f igs.  32 
and 33). Figure 38 shows the l i n e a r  
feedback model used f o r  t h e  r o l l  a x i s  of 
t h e  HiMAT PCS, and f i g u r e  39 shows t h e  
l i n e a r  model used to  represent t h e  
yaw ax i s .  

With on ly  t w o  ga ins  dependent 

A sampled-data r o o t  locus  a n a l y s i s  
w a s  performed us ing  loop c l o s u r e s  t o  
r e p r e s e n t  t h e  normal-accelerat ion com- 
manded t u r n ,  the angle-of - a t t ack  com- 
manded t u r n ,  a l t i t u d e  hold,  t h e  pushover 
pu l lup ,  and t h e  wings-level la teral  
mode. The system models used f o r  t h i s  
a n a l y s i s  cons i s t ed  of fou r  main sub- 
system models: onboard systems and 
v e h i c l e  model, t ransmiss ion  model, PCS 
model, and FTMAP model. The onboard 
systems and t h e  veh ic l e  were modeled as 
cont inuous systems. The t ransmiss ion  
model r e p r e s e n t s  pure de l ay  induced by 
t h e  RPRV loop c losu re .  The PCS and 
FTMAP w e r e  r ep resen ted  as discrete 
models. All t h e  d i s c r e t e  models were 
analyzed a t  t h e  upl ink  rate of 53.3 Hz, 
which corresponds t o  t h e  18.75-msec 
c y c l e  t i m e  of t he  ground-based PCS and 
FTMAP computers. 

I A block diagram of the l i n e a r  
model used t o  analyze the normal- 
a c c e l e r a t i o n  commanded windup t u r n  
is  shown i n  f i g u r e  40. The state 
vec to r  of the p l a n t  is 

where u, v, and w are t h e  body a x i s  
v e l o c i t i e s ;  p, q, and r are t h e  body 

L 

a x i s  rates; and + and 8 are t h e  Euler  
bank angle  and p i t c h  angle ,  respec- 
t i v e l y .  The c o n t r o l  vec tor  f o r  t he  
normal-accelerat ion commanded windup 
t u r n  i s  

u = t6va,6r,6Ll T - 
where 6va and 6 r  are t h e  asymmetric 
elevon and rudder d e f l e c t i o n s ,  respec- 
t i v e l y ,  and 6 L  r e p r e s e n t s  t he  combined 
e l e v a t o r  and symmetric e levon de f l ec -  
t i o n .  The ou tpu t  vec tor  used f o r  t h i s  
maneuver model i s  

where an and ay are t h e  normal and 
l a t e ra l  body a x i s  a c c e l e r a t i o n s ,  
r e s p e c t i v e l y ,  and h is the a l t i t u d e  
rate. All q u a n t i t i e s  i n  x, y, and u 
are p e r t u r b a t i o n s  about  t h e i r  trimmed 
va lues  f o r  t h e  s t eady- s t a t e  tu rn .  

. 
- -  

The block diagram f o r  t he  angle-of- 
a t t a c k  commanded windup t u r n  is shown 
i n  f i g u r e  41. Both t h e  state and 
c o n t r o l  vec to r s  are t h e  same as f o r  
t h e  normal-accelerat ion commanded turn .  
However, t h e  observa t ion  vec tor  has  an  
a d d i t i o n a l  term: 

where a is  the ang le  of attack. 

F igure  42 shows the  a l t i t ude -ho ld  
block diagram. The veh ic l e  s ta te  
vec tor  is  

T - x = tu,w,q,81 

and t h e  c o n t r o l  i n p u t  is a scalar 6L. 
The ou tpu t  vec tor  is  

The pushover p u l l u p  ( f i g .  43)  is an 
unsteady maneuver f o r  which l i n e a r  anal-  
y s i s  a t  a s i n g l e  f l i g h t  cond i t ion  is 
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n o t  s t r i c t l y  va l id .  However, c l o s i n g  
the  angle-of-at tack loop  a t  the  i n i t i a l  
f l i g h t  condi t ion  provided adequate 
modeling. The s t a t e  vec tor  f o r  t he  
pushover pu l lup  is the  same as t h a t  
used f o r  t he  a l t i t ude -ho ld  model: 

The c o n t r o l  i s  a l s o  the  same and i s  
t h e  combined i n p u t  of e l e v a t o r  and sym- 
metric elevon d e f l e c t i o n  6L. The 
observa t ion  vec tor  f o r  t h e  pushover- 
p u l l u p  maneuver is  

The wings-level mode shown i n  
f i g u r e  44 i s  t h e  l a t e r a l - d i r e c t i o n a l  
p o r t i o n  of s t r a igh t - and- l eve l  c o n t r o l  
and the  pushover pul lup.  For these 
maneuvers, l o n g i t u d i n a l  c o n t r o l  is  
modeled by the a l t i t u d e - h o l d  and 
pushover-pullup modes, re spec t i v e  l y  . 
However, un l ike  t h e  t u r n  mode, these 
maneuvers can be e a s i l y  decoupled i n t o  
simpler models t h a t  can be analyzed 
sepa ra t e ly .  The s ta te  vec tor  f o r  t he  
wings-level mode i s  

T - x = [v ,p , r , $ I  

and the  c o n t r o l  vec tor  is 

The ou tpu t  vec tor  is  

rn 

From t h e  l i n e a r  a n a l y s i s ,  f i v e  of 
t h e  s i x  bas i c  c o n t r o l  l a w s  were der ived:  
a l t i t ude -ho ld  c o n t r o l ,  angle-of-at tack 
c o n t r o l ,  normal-accelerat ion c o n t r o l ,  
wings-level c o n t r o l ,  and t u r n  cont ro l .  
The r e s p e c t i v e  block diagrams of these 
c o n t r o l  l a w s  are shown i n  f i g u r e s  29 
t o  33. The a l t i t ude -ho ld  mode ( f i g .  29) 
i s  der ived  from the  a l t i t ude -ho ld  model 
( f i g .  42). The normal-accelerat ion 
commanded t u r n  model produced the  
normal-accelerat ion c o n t r o l  mode 

( f i g .  31). The angle-of-at tack com- 
manded t u r n  a n a l y s i s  r e s u l t e d  i n  the  
angle-of-at tack c o n t r o l  mode ( f i g .  301, 
which is i d e n t i c a l  i n  s t r u c t u r e  to  t h e  
normal-accelerat ion command mode. The 
t u r n  c o n t r o l  mode ( f i g .  33) w a s  deter- 
mined from the  r o l l  a x i s  of t h e  t u r n  
a n a l y s i s  models ( f i g s .  40 and 41) and i s  
t h e  r e s u l t  of design using both normal- 
a c c e l e r a t i o n  and angle-of-attack command 
models. The a n a l y s i s  and des ign  us ing  
t h e  pushover-pullup model ( f i g .  37) pro- 
duced c o n t r o l  l a w s  i d e n t i c a l  to  t h e  
l o n g i t u d i n a l  c o n t r o l  l a w s  t h a t  r e s u l t e d  
from the  a n a l y s i s  and des ign  of t he  
angle-of-at tack commanded turn .  There- 
f o r e ,  t he  angle-of-at tack c o n t r o l  l a w s  
der ived  from the  t u r n  des ign  ( f i g .  30) 
could be used t o  c o n t r o l  angle  of a t t a c k  
f o r  t he  pushover pul lup.  The wings-level 
c o n t r o l  l a w s  ( f i g .  32) w e r e  der ived  from 
the wings-level model ( f i g .  44). 

The inve r se  s t i c k  shaper  given i n  
a l l  l o n g i t u d i n a l  c o n t r o l  l a w s  ( f i g s .  29 
t o  31) and the  la teral  ga in  f a c t o r  given 
i n  the  la teral  c o n t r o l  l a w s  ( f i g s .  32 
and 33) are t h e  r e s u l t s  of t h e  modeling 
technique used to  develop t h e  l i n e a r  
models of the  PCS p i t c h  and ro l l  axes. 
Nei ther  of t h e s e  func t ions  w a s  incor-  
pora ted  i n t o  the l i n e a r  models; there-  
f o r e ,  t h e  i n v e r s e s  of those  func t ions  
w e r e  r equ i r ed  i n  the  nonl inear  FTMAP 
c o n t r o l  l a w s .  Except f o r  t he  a l t i t u d e -  
hold mode, which has  no i n t e g r a t o r ,  a l l  
c o n t r o l  l a w s  con ta in  a l i m i t i n g  func t ion  
a t t a c h e d  t o  a forward-loop i n t e g r a t o r .  
These func t ions  are added to  t h e  system 
t o  prevent  s a t u r a t i o n  of the  i n t e g r a t o r  
beyond i t s  ou tpu t  c a p a b i l i t y .  Without 
t hese  l imiters  on the i n t e g r a t o r s ,  l a r g e  
command s i g n a l s  could be b u i l t  up i f  t h e  
i n p u t  error s i g n a l  remained nonzero 
a f t e r  t he  ou tpu t  reached i ts  maximum. 

The l i m i t s  imposed on a l t i t u d e  error 
and a l t i t u d e - r a t e  e r r o r  feedback i n  t h e  
t u r n  c o n t r o l  mode ( f i g .  33) are t o  pre- 
vent  s a t u r a t i o n  of t h e  r o l l  a x i s  caused 
by l a r g e  e r r o r s  i n  those  parameters.  
The r a t e - l i m i t i n g  func t ion  preceding t h e  
forward-loop i n t e g r a t o r  i n  t h e  two r o l l -  
a x i s  c o n t r o l  modes ( f i g s .  32 and 33') 
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minimizes t h e  t r a n s i e n t s  i n  ou tpu t  com- 
mand dur ing  mode o r  command t r a n s i t i o n s .  
These nonl inear  elements w e r e  added t o  
the l i n e a r  c o n t r o l  l a w s ,  which w e r e  then 
implemented on t h e  FTMAP computer of the  
real-time s imula t ion  of t h e  HiMAT system. 

Simulat ion Analysis  

Cont ro l  l a w s  ( r e f .  6) provided by 
b the c o n t r a c t o r ,  Teledyne Ryan Aero- 

n a u t i c a l  Corp., were implemented i n  
the NASA Ames-Dryden s imula t ion  f a c i l i t y  
f o r  eva lua t ion  and f ine- tuning  i n  a 
realist ic,  pi lot- in- the- loop environ- 
ment. The HiMAT-FTMAP s imula t ion  system 
( f i g .  45) then rep laced  t h e  l i n e a r  anal-  
y s i s  program as t h e  FTMAP development 
tool. The s imula t ion  system, which 
inc ludes  t h e  s imula t ion  computer, a c t u a l  
f l i g h t  hardware, and d u p l i c a t e  RPRV 
f a c i l i t y  f l i g h t  suppor t  computers, 
r e a l i s t i c a l l y  reproduces t h e  i n t e r -  
f a c e s  and t iming of t h e  a c t u a l  RPRV 
f l i g h t  system. 

Simulat ion F a c i l i t y  

The s imula t ion  computers, c o n s i s t i n g  
of t w o  general-purpose minicomputers and 
an  a r r a y  processor ,  model t h e  veh ic l e  
aerodynamics and a l l  onboard systems 
excep t  those  modeled i n  t h e  f l i g h t  hard- 
ware rack. The f l i g h t  hardware rack 
c o n s i s t s  of a breadboard vers ion  of t h e  
a c t u a l  HiMAT onboard computer, an upl ink  
encoder ha rd l ined  t o  a r ece ive r  and 
decoder system (bypassing only  t h e  
t r ansmi t t e r - r ece ive r  radiofrequency 
l i n k ) ,  and h i g h - f i d e l i t y  e l e c t r o n i c  
models of each of t h e  HiMAT servo- 
a c t u a t o r s .  The pa tch  bays se rve  as 
general-purpose s imula t ion  f a c i l i t y  
i n t e r f a c e s  and rou te  the d i s c r e t e  
and analog s i g n a l s  throughout t h e  
f a c i l i t y .  These pa tch  bays i n t e r -  
connect  t he  s imula t ion  computers n o t  
on ly  to  t h e  f l i g h t  hardware rack b u t  
a l s o  t o  the  cockp i t  through t h e  cockpi t -  
i n t e r f a c e  e l e c t r o n i c s .  

The s imula t ion  f a c i l i t y  cockp i t  is  
a n  e x a c t  d u p l i c a t e  of t h e  a c t u a l  f l i g h t  

c o n t r o l  cockp i t  i n  t h e  RPRV f a c i l i t y .  
The s t i c k  computer is a special-purpose 
ana log  computer t h a t  c o n t r o l s  the f o r c e  
and f e e l  c h a r a c t e r i s t i c s  of t h e  s t i c k .  
Both the  s t i c k  computer and the  cockpi t -  
i n t e r f a c e  e l e c t r o n i c s  d u p l i c a t e  t h e  
equipment used i n  t h e  RPRV f a c i l i t y .  
The s imula t ion  f a c i l i t y  RPRV computers 
c o n s i s t  of four  minicomputers t h a t  are 
e n t i r e l y  sof tware  compatible with the  
a c t u a l  RPRV f l i g h t  computers. The 
decommutation computers decode t h e  
downlink from the  s imula t ion  computers 
and select parameters f o r  use i n  the  
PCS computer and t h e  FTMAP computer. 
T h i s  system i s  designed t o  provide a 
d e t a i l e d  and h igh ly  accu ra t e  model of 
t h e  system i l l u s t r a t e d  i n  f i g u r e  8 and 
d iscussed  i n  t h e  HiMAT systems descr ip-  
t i o n  i n  t h e  main body of t h i s  r e p o r t  
and FTMAP o p e r a t i o n a l  c h a r a c t e r i s t i c s  
s e c t i o n  of appendix A. 

The a r r a y  processor  con ta ins  a 
nonl inear  model of t h e  HiMAT aero- 
dynamics ( inc lud ing  f l e x i b i l i t y  e f f e c t s )  
t h a t  covers  t h e  e n t i r e  HiMAT f l i g h t  
envelope. The equat ions  of motion are 
i n t e g r a t e d  wi th in  t h e  a r r a y  processor  
a t  a 4.54-msec rate us ing  a modified 
second-order Runge-Kutta i n t e g r a t o r .  
This  i n t e g r a t i o n  i n t e r v a l  corresponds t o  
t h e  220-Hz downlink rate of t h e  a c t u a l  
f l i g h t  system ( f i g .  4 ) .  The main simu- 
l a t ion  computers provide an  i n t e r f a c e  
between t h e  a r r a y  processor  and t h e  
o t h e r  s imula t ion  equipment. These com- 
p u t e r s  a l s o  c o n t a i n  t h e  real-time input -  
o u t p u t  func t ions :  d ig i ta l - to-ana log  
conversion,  ana log- to-d ig i ta l  conver- 
s i o n ,  and process ing  of i n p u t  and ou tpu t  
d i s c r e t e  s i g n a l s .  The main s imula t ion  
computers model t h e  performance of 
t h e  HiMAT i n t e g r a t e d  propuls ion  con- 
t r o l  system ( r e f .  10)  and engine as a 
func t ion  of t h r o t t l e  s e t t i n g  and f l i g h t  
cond i t ion ,  t h e  atmosphere, onboard 
ins t rumenta t ion ,  and veh ic l e  sensors .  
The use of t h i s  HiMAT s imula t ion  t o  
develop and q u a l i f y  ground-based f l i g h t  
codes such as t h e  FTMAP i s  d iscussed  
i n  r e fe rence  11 .  

I 
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Development of T h r o t t l e  Cont ro l  M o d e  

Using t h e  real-time s imula t ion ,  t h e  
FTMAP t h r o t t l e  c o n t r o l  mode ( f i g .  34) 
w a s  developed on t h e  basis of the  BCS 
h igh -a l t i t ude  t h r o t t l e  c o n t r o l  l a w .  
References 1 2  and 13  desc r ibe  the  BCS 
i n  gene ra l  and t h e  BCS t h r o t t l e  c o n t r o l  
l a w s  i n  p a r t i c u l a r .  Impact-pressure 
rate, der ived  from an onboard analog 
d i f f e r e n t i a t i o n  of t h e  ou tpu t  of t h e  
impact-pressure sensor  (app. D), w a s  
e s s e n t i a l  to  t h e  success  of t he  FTMAP 
Mach-number con t ro l .  

The BCS t h r o t t l e  c o n t r o l  l a w s  were 
designed for c o n t r o l  of t h e  core engine 
from i d l e  t o  m i l i t a r y  p o w e r .  However, 
t h e  FTMAP w a s  a l s o  r equ i r ed  t o  c o n t r o l  
t h e  a f t e rbu rne r .  Several modi f ica t ions  
t o  the  b a s i c  c o n t r o l  l a w s  were needed 
t o  accommodate t h i s  expanded range of 
opera t ion .  Two changes of a gene r i c  
n a t u r e  w e r e  required;  t h a t  is, t h e  
forward-loop ga in  K,b w a s  lowered, and 
t h e  t h r o t t l e - r a t e  l i m i t  w a s  decreased 
i n  t h e  a f t e r b u r n e r  command range. Both 
of  t hese  changes were based on predic-  
t i o n s  f r o m  a ba tch  s imula t ion  of t h e  
HiMAT J85-21 engine performance, such 
as that  i l l u s t r a t e d  i n  f i g u r e  46. 
Both v a r i a b l e s ,  K& and t h r o t t l e - r a t e  
l i m i t ,  are r e l a t e d  t o  t h e  s lope  of t h e  
t h r u s t  curve. Because t h i s  slope is  
a f a c t o r  of two or t h r e e  l a r g e r  f o r  
t h e  a f t e r b u r n e r  reg ion  than f o r  t h e  
core reg ion ,  the two parameters w e r e  
reduced accordingly.  

Another change t o  gene ra l  t h r o t t l e  
c o n t r o l  w a s  based on the p red ic t ed  
t h r u s t  d i f f e r e n t i a l  between m i l i t a r y  
and minimum a f t e rbu rne r .  A t i m e r  w a s  
added to  e l imina te  a p o t e n t i a l  cyc l ing  
i n  and o u t  of t h e  a f t e r b u r n e r  i n  the 
windup t u r n  t h a t  might be caused by t h i s  
t h r u s t  d i f f e r e n t i a l .  T h i s  timer prevents  
a r e t u r n  t o  t h e  core engine reg ion  f o r  
5 sec fol lowing an a f t e r b u r n e r  reques t .  
This  allows the angle-of-at tack or 
normal-accelerat ion commanded c o n t r o l  
l a w  t h e  necessary  t i m e  t o  i nc rease  t h e  

commanded parameter s u f f i c i e n t l y  t o  
raise t h r u s t  demand above t h a t  provided 
a t  minimum a f t e rbu rne r .  

Development of Command 
Generat ion Function 

The HiMAT-FTMAP s imula t ion  system 
w a s  a l s o  used ex tens ive ly  t o  develop t h e  
command genera t ion  func t ions  ( f ig .  25) 
r equ i r ed  t o  suppor t  t he  automatic  maneu- 
vers .  The maneuver command gene ra t ion  
func t ion  can be used to  s p e c i f y  t h e  com- 
manded angle  of a t t a c k ,  normal accelera- 
t i o n ,  bank angle ,  r o l l  rate, a l t i t u d e ,  
a l t i t u d e  ra te ,  and Mach number. 

I n  a l l  t h e  FTMAP maneuvers, com- 
mands w e r e  generated t o  c o n t r o l  t h e  
time-varying parameters.  These com- 
mands were based on t h e  s e l e c t e d  maneu- 
v e r  and the  t a r g e t  cond i t ions  i n p u t  
on the thumbwheel s w i t c h e s .  The angle-  
o f - a t t ack  command i s  used dur ing  t h e  
pushover-pullup maneuvers and t h e  angle-  
o f - a t t ack  commanded windup tu rns .  
Normal-acceleration command is  used 
d u r i n g  t h e  normal-accelerat ion commanded 
windup t u r n s  and t h e  rocking-horse 
maneuver. During t h e  windup t u r n s ,  t h e  
angle-of-at tack and normal-accelerat ion 
commands increase l i n e a r l y  a t  a speci- 
f i e d  command rate.  

The command rates f o r  t h e  HiMAT pro- 
gram are c u r r e n t l y  se t  a t  0.25 deg/sec 
f o r  angle  of a t t a c k  and 0.2 g /sec  f o r  
normal acce le ra t ion .  The command is  
ramped from t h e  trimmed va lue  t o  t h e  
t a r g e t  condi t ion .  When t h e  t h r o t t l e  
c o n t r o l  f i r s t  commands t h e  a f t e r b u r n e r  
reg ion ,  t h e  angle-of-at tack and normal- 
a c c e l e r a t i o n  commands are slowed to  
allow t i m e  f o r  a s t a b l e  a f t e r b u r n e r  
l i g h t  and t h e  a t t e n d a n t  i n c r e a s e  i n  
t h r u s t  before  cont inuing.  This  2-sec 
de l ay  prevents  excess ive  t h r u s t  demand 
and subsequent Mach loss dur ing  a f t e r -  
burner l i g h t i n g .  Angle-of-attack and 
normal-accelerat ion commands are also 
used dur ing  t h e  e x i t  phase of t h e  t u r n  
and rocking-horse maneuvers. During t h e  
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e x i t  phase, t h e  commands are ramped down 
t o  t h e  i n i t i a l  t r i m  cond i t ion  a t  t h e  
p rev ious ly  descr ibed  command rates. 

The angle-of-at tack command f o r  t he  
pushover-pullup maneuver is  i l l u s t r a t e d  
i n  f i g u r e  5, where Aa corresponds t o  t h e  
va lue  AUcmd reques ted  on t h e  second set  
of thumbwheel switches.  S t a r t i n g  a t  t h e  
t r i m  value,  angle-of-at tack command is 
l i n e a r l y  decreased to  a - acmd. When 
t h e  minimum value  is  reached, t he  com- 
mand i s  he ld  f o r  a s p e c i f i e d  t i m e  A h .  
The command i s  then l i n e a r l y  ramped 
u n t i l  it is AUcmd above t h e  t r i m  value. 
This  new va lue  i s  he ld  for A t ,  seconds, 
and then t h e  ang le  of a t t a c k  i s  l i n e a r l y  
ramped back t o  i t s  o r i g i n a l  t r i m  value.  
Both t h e  command rate and t h e  hold t i m e  
are v a r i a b l e  from f l i g h t  to  f l i g h t  by 
means of a sof tware  change. The f i n a l  
va lues  were 0.50 deg/sec f o r  t he  angle- 
o f - a t t ack  command rate and 0 sec f o r  the  
hold  time. 

The rocking-horse maneuver is  
c o n t r o l l e d  wi th  the  normal-accelerat ion 
command. The windup t u r n  t o  the zero- 
excess - th rus t  cond i t ion  i s  t h e  same as 
t h e  normal-accelerat ion commanded windup 
t u r n ,  except  f o r  t h e  reg ion  where the  
equ iva len t  thrott le command approaches 
maximum a f t e rbu rne r .  The normal- 
a c c e l e r a t i o n  command rate i s  reduced 
from 0.2 g/sec at 80-percent full 
equ iva len t  t h r o t t l e  to  0.02 g/sec a t  
95-percent and above f u l l  equ iva len t  
t h r o t t l e  ( f i g .  4 7 ) .  The command reduc- 
t i o n  is based on percent equ iva len t  
t h r o t t l e  t o  a l low t h e  rocking-horse mode 
t o  be exerc ised  dur ing  cond i t ions  o t h e r  
than  maximum a f t e rbu rne r .  On the  simu- 
lator,  t h i s  slowing of t h e  command rate 
has proven very e f f e c t i v e  i n  s imulta-  
neously approaching zero-excess- thrust  
normal a c c e l e r a t i o n  a and maximum 

a f t e r b u r n e r  command. I n  f a c t ,  t h i s  
technique has e l imina ted  the  need t o  
a d j u s t  t h e  f i n a l  an0. 

rocking-horse maneuver, the t h r o t t l e  
command is locked a t  t h e  predefined 

"0 

During t h e  

zero-excess- thrust  t h r o t t l e  s e t t i n g .  
Although t h e  op t ion  of performing a 
rocking-horse maneuver a t  var ious  throt- 
t l e  s e t t i n g s  w a s  a v a i l a b l e ,  on ly  the  
maximum a f t e r b u r n e r  s e t t i n g  w a s  used. 

I n  the t u r n i n g  maneuvers, bank-angle 
command w a s  set  t o  O o  and w a s  n o t  used 
f o r  maneuver con t ro l .  Or ig ina l ly ,  t h i s  
command w a s  used f o r  t u r n  i n i t i a t i o n .  
Ro l l - r a t e  command was later used t o  
i n i t i a t e  t he  r o l l  i n t o  the turn.  This  
command was set  t o  10.00 deg/sec and 
w a s  maintained u n t i l  t h e  veh ic l e  had 
achieved a 3 5 O  bank angle .  A t  t h a t  
t i m e ,  t h e  r o l l - r a t e  command w a s  se t  
t o  0 deg/sec. 

For a l l  cond i t ions  except  the 
th rus t - l imi t ed  windup t u r n ,  a l t i t u d e  
and a l t i t u d e - r a t e  command are no t  used 
dynamically;  that  is ,  a l t i t u d e  r e fe rence  
i s  set  t o  the veh ic l e  a l t i t u d e  a t  FTMAP 
engagement, and a l t i t u d e - r a t e  command is  
zero.  However, f o r  the th rus t - l imi t ed  
windup t u r n ,  r e fe rence  a l t i t u d e  t r a c k s  
t h e  c u r r e n t  veh ic l e  a l t i t u d e ,  and 
a l t i t u d e - r a t e  command i s  based on 
Mach-number error ( f i g .  4 8 ) .  The 
i n t e g r a l  pa th  commands a s t eady- s t a t e  
a l t i t u d e  rate, l i m i t e d  t o  -3020 m/min 
(-10,000 f t /min) .  
provide a quick nose-down r o l l  i n t o  the  
th rus t - l imi t ed  maneuver to  prevent  
excess ive  Mach error. The a l t i t u d e - r a t e  
command mode i s  a c t i v a t e d  when the zero- 
excess - th rus t  cond i t ion  is detected 
dur ing  a windup turn .  

The d i r e c t  path can 

Mach number is normally commanded 
d i r e c t l y  from the thumbwheel switches.  
However, f o r  some of the maneuvers, 
nega t ive  or p o s i t i v e  increments are 
added to  the  s e l e c t e d  r e fe rence  Mach 
number Mref to  a i d  Mach con t ro l .  During 
t h e  s t r a igh t - and- l eve l  phase of a l l  
t u r n i n g  maneuvers, an increment of 
0.01 Mach i s  added to  Mref. This  va lue  
i s  he ld  u n t i l  t he  zero-excess- thrust  
cond i t ion  is reached, a t  which t i m e  t h e  
increment i s  set  t o  0.02 Mach t o  
i n c r e a s e  t h e  commanded a l t i t u d e  rate. 
A r t i f i c i a l l y  inc reas ing  t h e  t a r g e t  Mach 
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number provides  s u f f i c i e n t  lead  t i m e  t o  
a l low t h e  engine o r  t h e  a i r c r a f t  t o  
respond t o  a known f u t u r e  requirement.  
When t h e  e x i t  phase i s  i n i t i a t e d ,  t he  
increment i s  e l imina ted .  This  same 
approach has l e d  t o  t h e  somewhat more 
involved method used i n  t h e  cons tan t -  
Mach pushover pul lup.  For t h i s  l a t t e r  
maneuver, an increment of -0.01 Mach 
i s  added t o  Mref du r ing  t h e  s t r a i g h t -  
and-level  po r t ion  of t h e  maneuver. 
A s  the decreas ing  angle-of-at tack 
command begins ,  t h i s  adjustment  is  
set  t o  0.01 Mach and he ld  cons t an t  
u n t i l  t h e  minimum ang le  of a t t a c k  is 
reached. The Mach increment i s  then 
reset t o  zero. 

Switching l o g i c  wi th in  the FTMAP 
i s  used f o r  s e v e r a l  purposes:  ( 1 )  to  
change between t h e  t h r e e  maneuver phases,  
( 2 )  to  d e t e c t  ze ro  excess  t h r u s t  i n  the  
windup t u r n s ,  ( 3 )  t o  change t o  the  
th rus t - l imi t ed  tu rn ,  (4 to  determine 
when t o  i n i t i a t e  each por t ion  of t h e  
rocking-horse maneuver, and (5) t o  pro- 
v ide  the  a n t i c i p a t e d  t h r o t t l e  commands. 
The switching l o g i c  is  f u n c t i o n a l l y  
i n t e r r e l a t e d  t o  the  command genera t i o n ,  
b u t  conceptua l ly  it can be t r e a t e d  
sepa ra t e ly .  U s e  of a ful l -envelope 
nonl inear  s imula t ion  w a s  e s s e n t i a l  i n  
t h e  development of the  switching l o g i c ,  
f o r  which the HiMAT-FTMAP s imula t ion  
system w a s  used ex tens ive ly .  

A t  FTMAP engagement, t he  a l t i t u d e -  
hold ( f i g .  291, wings-level c o n t r o l  
( f i g .  321, and t h r o t t l e  c o n t r o l  
( f i g .  34) modes are used t o  command 
t h e  veh ic l e  t o  a s t ra ight -and- leve l  
cond i t ion  a t  the  r e fe rence  a l t i t u d e  
and requested Mach number. The forward- 
loop i n t e g r a t o r  of the  t h r o t t l e  c o n t r o l  
mode is  i n i t i a l i z e d  t o  the  p i l o t  com- 
manded cockpi t  t h r o t t l e  pos i t i on .  The 
forward-loop i n t e g r a t o r  i n  t h e  wings- 
l e v e l  c o n t r o l  mode is  i n i t i a l i z e d  t o  
zero.  N o  s i g n a l  ramping is  performed i n  
any ax i s .  Because of i t s  i n i t i a l i z a -  
t i o n ,  t he  t h r o t t l e  c o n t r o l  engagement is  
t r a n s i e n t - f r e e .  The engagement of t h e  
o t h e r  two axes is  t r a n s i e n t - f r e e  only i f  

t he  FTMAP is engaged when t h e  veh ic l e  i s  
s t r a i g h t  and l e v e l .  The e f f e c t s  of o f f -  
nominal engagement of t he  FTMAP are 
i l l u s t r a t e d  i n  f i g u r e  49. This  simula- 
t i o n  opera ted  a t  a 7600-m (25,000-f t )  
a l t i t u d e  and Mach 0.90 shows an o f f -  
cond i t ion  engagement a t  extreme con- 
d i t i o n s .  The a l t i t u d e  rate is  i n  excess  
of 30 m/sec (100 f t / s e c ) ,  and r o l l  a t t i -  
tude  i s  approximately 40°. A t  FTMAP 
engagement, t h e  FTMAP l o n g i t u d i n a l  com- 
mand i s  a s t i c k  forward s t e p ,  r e s u l t i n g  
i n  t h e  3.00- t o  5.00-deg/sec angle-of- 
a t t a c k  rate. There is  a small r o l l - a x i s  
t r a n s i e n t ,  b u t  t h e  e f f e c t s  of t h e  wings- 
l e v e l  c o n t r o l  mode can be seen  on t h e  
bank-angle trace , where a wings-level 
cond i t ion  is achieved i n  4 sec and i s  
completely damped i n  6 sec. 

When a maneuver is commanded, t h e  
s t r a igh t - and- l eve l  phase i s  cont inued 
f o r  5 sec to  ensure  s t ra ight -and- leve l  
f l i g h t .  The l o n g i t u d i n a l  command i s  
switched f r o m  the a l t i t ude -ho ld  mode 
( f i g .  29) t o  t h e  appropr i a t e  command 
mode - t h a t  is ,  either the normal- 
a c c e l e r a t i o n  ( f i g .  31) o r  t h e  angle- 
o f - a t t ack  ( f i g .  30) c o n t r o l  mode. The 
l a t e r a l - a x i s  c o n t r o l  is  switched from 
the wings-level mode ( f i g .  32) t o  the  
t u r n  c o n t r o l  mode ( f i g .  33) when a t u r n  
i s  requested;  o therwise ,  t he  wings-level 
mode is used throughout the maneuver. 
The mode swi tch ing  i n  t h e  p i t c h  a x i s  i s  
t r a n s i e n t - f r e e  because acmd ( f i g .  30) or 
a ncmd ( f i g .  31) i s  i n i t i a l i z e d  to  the  

s t r a igh t - and- l eve l  value of t h e  cor- 
responding parameter,  and because t h e  
forward-loop i n t e g r a t o r s  are i n i t i a l i z e d  
t o  the  output  of t he  a l t i t ude -ho ld  mode 
( s c a l e d  a p p r o p r i a t e l y  t o  account  f o r  t h e  
i n v e r s e  s t i c k  shaper  and t h e  dynamic- 
p re s su re  scheduled ga in ) .  The t r a n s i t i o n  
from the  wings-level mode ( f i g .  32) 
t o  the  t u r n  c o n t r o l  mode ( f i g .  33) i s  
minimized because the t u r n  c o n t r o l  i n t e -  
g r a t o r  is i n i t i a l i z e d  to  t h e  value of 
t h e  wings-level c o n t r o l  i n t e g r a t o r ,  and 
because t h e  washout f i l t e r  on roll-rate 
feedback is  i n i t i a l i z e d  t o  t h e  zero- 
r o l l - r a t e  e r r o r  condi t ion .  
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To i n i t i a t e  t he  t u r n ,  a r o l l - r a t e  
command i s  used t o  achieve  a 35O bank 
ang le  +. A t  4 equal  t o  3 5 O  , t h e  command 
i s  set  t o  zero.  Figure 49 shows t h e  
v i r t u a l l y  t r a n s i e n t - f r e e  na tu re  of t h i s  
mode switching i n t o  t h e  maneuver. The 
t r a n s i t i o n  from the maneuver phase t o  the 
e x i t  phase of a maneuver involves  no 
mode switching and always te rmina tes  
w i t h  a 2-sec l i n e a r  ramping between the 
ou tpu t  of e i ther  t h e  normal-accelerat ion 
o r  the angle-of-at tack c o n t r o l  mode and 
t h a t  of t he  a l t i t ude -ho ld  m o d e .  The 
t r a n s i t i o n  from the e x i t  phase back t o  
t h e  s t r a igh t - and- l eve l  phase begins  when 
t h e  command parameter has re turned  t o  
t h e  i n i t i a l  t r i m  value.  A t  that  po in t ,  
t he  previous ly  descr ibed  l o n g i t u d i n a l  
ramping begins ,  and the la teral  c o n t r o l  
mode is switched t o  the  wings-level mode 
i f  t he  a i r c r a f t  i s  coming o u t  of a turn.  

The l o g i c  to  d e t e c t  t h e  zero-excess- 
t h r u s t  cond i t ion  w a s  perhaps t h e  m o s t  
d i f f i c u l t  of a l l  developments f o r  the  
FTMAP. Various approaches,  such as 
d i r e c t l y  computing t h e  s p e c i f i c  p o w e r  
P, and c a l c u l a t i n g  t h e  t o t a l  veh ic l e  

a c c e l e r a t i o n  VI  w e r e  t r i e d .  However, 
a simple scheme w a s  u l t i m a t e l y  used. 
v e l o c i t y  w a s  monitored 0.2 sec a f t e r  
maximum a f t e r b u r n e r  was commanded. I f  
v e l o c i t y  decreased c o n s i s t e n t l y  f o r  
0.1 sec ( s i x  computat ional  c y c l e s ) ,  a 
t h r u s t - l i m i t e d  cond i t ion  w a s  declared.  
T h i s  technique w a s  used for both t h e  nor- 
mal windup t u r n s  and t h e  t u r n  i n t o  t h e  
rocking-horse maneuver without  a fa lse  
t h r u s t - l i m i t e d  cond i t ion  being dec lared .  

b 

During t h e  normal windup t u r n s ,  
d e t e c t i o n  of ze ro  excess  t h r u s t  r e s u l t s  
i n  t h e  engagement of t h e  a l t i t u d e - r a t e  
command mode ( f i g .  48).  I n  t h r u s t -  
1i.mited t u r n s  , t h e  t r a n s i t i o n  t o  t h e  
th rus t - l imi t ed  cond i t ion  r e s u l t s  i n  
a s tep i n p u t  to  t h e  a l t i t u d e - r a t e  com- 
mand ( f i g .  481, which i n  t u r n ,  causes  
a step i n p u t  i n t o  t h e  t u r n  c o n t r o l  mode 
( f i g .  33). Two f a c t o r s  cause t h i s  
response - t h e  Mach number is  u s u a l l y  
below t h e  t a r g e t  Mach as t h e  zero- 

excess - th rus t  cond i t ion  i s  approached, 
and a Mach increment is added to  Mcmd 

( f i g .  481, as descr ibed  previous ly  i n  
t h i s  appendix. This  s t e p  r e s u l t s  i n  
an ab rup t  a l t i t u d e - r a t e  command, which 
bypasses t h e  forward-loop i n t e g r a t o r  
i n  t h e  t u r n  c o n t r o l  mode ( f i g .  33). A 
r a p i d  inc rease  i n  bank angle  r e s u l t s ,  
and because the  bank angle  is  more than 
t h a t  requi red  f o r  l e v e l  f l i g h t  with 
t h e  commanded normal a c c e l e r a t i o n ,  t h e  
veh ic l e  begins  a downward s p i r a l  and 
q u i c k l y  acqu i r e s  the v e l o c i t y  necessary 
t o  maintain t h e  t a r g e t  Mach number. 

F l i g h t  T e s t  Development 

U s e  of t he  HiMAT-FTMAP s imula t ion  
d i d  no t  end when FTMAP f l i g h t  t e s t i n g  
began. In  f a c t ,  the s imula tor  became 
even more impor tan t  dur ing  t h i s  p a r t  of 
t h e  FTMAP development and served to  
minimize the  problems encountered dur ing  
f l i g h t .  The s imula t ion  w a s  used n o t  
on ly  to  develop and q u a l i f y  every modi- 
f i c a t i o n  mode f o r  t h e  FTMAP, b u t  a l s o  t o  
p l an  each mission p r i o r  t o  f l i g h t .  This  
allowed p o t e n t i a l  FTMAP problems t o  be 
d e t e c t e d  i n  the  s imula t ion  rather than 
i n  f l i g h t .  In  a d d i t i o n ,  t h e  s imula t ion  
w a s  used as a d i a g n o s t i c  t oo l .  For d i f -  
f i c u l t i e s  encountered i n  f l i g h t ,  t he  
s imula to r  could o f t e n  be used f o r  dup l i -  
c a t i o n ,  a n a l y s i s ,  and c o r r e c t i o n  of t h e  
problem. For example, the  dynamic- 
p re s su re  ga in  schedul ing i n  the  FTMAP 
l o n g i t u d i n a l  c o n t r o l  modes r e s u l t e d  from 
such a process .  The p i t c h  a x i s  seemed 
t o  have too  l i t t l e  damping dur ing  f l i g h t  
a t  high dynamic pressures .  However, by 
i n c r e a s i n g  t h e  forward-loop ga in  t o  
decrease  t h e  ga in  margin i n  t h e  p i t c h  
a x i s ,  t h e  problem w a s  dup l i ca t ed  reason- 
a b l y  w e l l  on t h e  s imula tor .  The ga in  
schedule  w a s  then  developed and t e s t e d  
us ing  t h e  s imula t ion  before  f l i g h t  test. 

Experience with t h e  o r i g i n a l  des ign  
of t h e  t u r n  i n i t i a t i o n  command f o r  wind- 
up t u r n s  involved a d i f f e r e n t  se t  of 
problems. The o r i g i n a l  des ign  ( r e f .  6) 
used a nonzero bank-angle command t o  
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i n i t i a t e  t he  ro l l  i n t o  t h e  windup tu rns .  
The ro l l  i n t o  t h e  t u r n  w a s  a s s i s t e d  by 
a bank-angle command t h a t  remained i n  
e f f e c t  from t u r n  i n i t i a t i o n  u n t i l  t he  
bank angle  w a s  w i th in  l oo  of t h e  com- 
manded bank angle.  Af t e r  being 
q u a l i f i e d  on t h e  real-time s imula t ion ,  
t h i s  scheme w a s  used on t h e  f i r s t  two 
maneuvering f l i g h t s .  

Figure 49 shows t h e  r e s u l t s  of a 
s imulated windup t u r n  a t  an a l t i t u d e  of 
7600 m (25,000 f t )  and Mach 0.90. This 
maneuver w a s  engaged ou t s ide  t h e  normal 
cap tu re  window wi th  an a l t i t u d e  rate i n  
excess  of 1820 m/min (6000 f t /min )  and 
a 40° bank angle ,  which r e s u l t e d  i n  a 
cap tu re  wi th  s i g n i f i c a n t  equ iva len t  s t i c k  
a c t i v i t y .  Although somewhat less damped 
than  d e s i r e d  i n  t h e  r o l l  a x i s  f o r  t h e  
engagement of t h e  s t ra ight -and- leve l  
phase, t h e  s imulated performance dur ing  
the t u r n  f r o m  maneuver i n i t i a t i o n  t o  
e x i t  command was excel lent .  

On t h e  second FTMAP maneuvering 
f l i g h t ,  a windup t u r n  w a s  a t tempted 
twice. A s  shown i n  f i g u r e  50, t h e  
e q u i v a l e n t  lateral  s t i c k  command went 
from s t o p  t o  s t o p  on t h e  ou tpu t  l i m i t e r  
of  t h e  t u r n  c o n t r o l  mode. The f l i g h t  
performance w a s  unacceptable  and w a s  
also n o t  reproducib le  on t h e  HiMAT-FTMAP 
s imula t ion ,  even with t h e  t u r n  c o n t r o l  
mode ga ins  r a i s e d  by a f a c t o r  of t h ree .  
On t h e  b a s i s  of a review of t h e  rol l -  
a x i s  c o n t r o l  techniques used by t h e  
p i l o t ,  t h e  rate of maneuver i n i t i a t i o n  
( t h a t  is, t h e  r o l l  rate a t  maneuver 
i n i t i a t i o n )  w a s  decreased by e l imina t ing  
t h e  bank-angle command. Thus, t h e  t u r n  

command scheme w a s  modified t o  be a 
func t ion  of roll-rate command t o  achieve 
a minimum bank angle.  Figure 51 shows 
t h e  f l i g h t  r e s u l t s  t h a t  employed t h i s  
modified bank-angle command method and 
i l l u s t r a t e s  t he  improved performance. 

Although the  HiMAT-FTMAP simula- 
t i o n  has  proven t o  be a va luable  t o o l ,  
it has s i g n i f i c a n t  l i m i t a t i o n s .  The 
HiMAT systems are represented  by h igh ly  
r e f i n e d  hardware models o r  even e x a c t  
d u p l i c a t e s  of a c t u a l  f l i g h t  systems. 
However, t h e  key e l emen t -  t h e  aero-  
dynamic model - has  inaccurac i e s  and 
i n h e r e n t  unknowns t h a t  hamper t h e  
t r a n s l a t i o n  from s imula t ion  t o  f l i g h t .  
Fur ther ,  t h e  r e l a t i v e  i n a c c e s s i b i l i t y  
of t he  aerodynamic model i n  t h e  a r r a y  
processor ,  combined wi th  schedule  con- 
s t r a i n t s ,  v i r t u a l l y  e l imina te s  con- 
s i d e r a t i o n  of aerodynamic v a r i a t i o n s .  
A mechanization such as t h e  FTMAP pu t s  
more demands on a s imula t ion  system 
than  does a p i l o t  o r  a convent ional  
a u t o p i l o t .  The c o n t r o l  loops i n  t h e  
FTMAP are t i g h t l y  c losed  t o  provide pre- 
cise command t racking .  Thus, t h e  FTMAP 
i s  somewhat more s e n s i t i v e  t o  modeling 
e r r o r s  than  are normal c o n t r o l l e r s .  
However, t h i s  a lone  cannot  exp la in  
a l l  t h e  d i f f e r e n c e s  between s imula t ion  
and f l i g h t  r e s u l t s .  In  add i t ion ,  t h e  
e f f e c t s  of t hese  modeling e r r o r s  could 
have been minimized i n  a more f l e x i b l e  
s imula t ion  t h a t  allowed v a r i a t i o n s  i n  
t h e  parameters  t o  which t h e  FTMAP w a s  
s e n s i t i v e .  This  problem of parameter 
s e n s i t i v i t y  i s  d iscussed  i n  t h e  FUTURE 
RESEARCH s e c t i o n  of t h i s  report. 
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APPENDIX D - SPECIAL HiMAT 
INSTRUMENTATION 

I n  a d d i t i o n  t o  t h e  s tandard  set  
of f l i g h t  test ins t rumenta t ion ,  the  
HiMAT v e h i c l e  w a s  equipped wi th  on- 
board e l e c t r o n i c s  t h a t  provided two 

the  development and a p p l i c a t i o n  of the  
FTMAP. These parameters  were static- 
p res su re  rate and impact-pressure rate. 
S t a t i c - p r e s s u r e  rate w a s  used t o  com- 
pu te  an a l t i t u d e - r a t e  s i g n a l  without  
t h e  l a r g e  de l ays  normally a s soc ia t ed  
wi th  a l t i t u d e - r a t e  measurements. 
Impact-pressure rate w a s  used d i r e c t l y  
i n  the t h r o t t l e  c o n t r o l  mode ( f i g .  34)  
t o  provide damping as w e l l  as t o  pre- 
ven t  overshoot  i n  Mach number. 

I unique parameters t h a t  g r e a t l y  a ided  

Both s i g n a l s  were der ived  from 
normal ins t rumenta t ion .  Each of the  

onboard s t a t i c - p r e s s u r e  and impact- 
p re s su re  s i g n a l s  w a s  d i f f e r e n t i a t e d  
wi th  ana log  f i l t e rs  whose t r a n s f e r  
func t ions  were 

where s is  the Laplace va r i ab le .  These 
d i f f e r e n t i a t e d  analog s i g n a l s  w e r e  then 
d i g i t i z e d  and s e n t  t o  the  ground-based 
computers us ing  t h e  te lemet ry  downlink. 

The s t a t i c - p r e s s u r e - r a t e  s i g n a l  
w a s  used t o  compute a l t i t u d e  rate 
us ing  t h e  measured s t a t i c  p res su re  
and the schedule  of s t a t i c - p r e s s u r e  
g r a d i e n t  as a func t ion  of a l t i t u d e  
shown i n  f i g u r e  52. Figure 53 shows 
t h e  a l t i t u d e - r a t e  c a l c u l a t i o n  i n  block 
diagram form. 
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TABLE 1 9  - MANEUVER SETTINGS 

Maneuver 
s e t t i n g  Descr ip t ion  of maneuver 
number 

1 Normal-acceleration commanded windup t u r n  t o  t h e  r i g h t  
2 Normal-acceleration commanded windup t u r n  t o  the  l e f t  
3 Angle-of-attack commanded windup t u r n  t o  t h e  r i g h t  
4 Angle-of-attack commanded windup t u r n  t o  the  l e f t  
5 Pushover-pullup maneuver with t h r o t t l e  f i x e d  
6 Pushover-pullup maneuver with c o n s t a n t  Mach 
7 Rocking-horse maneuver to  t h e  r i g h t  
8 Rocking-horse maneuver t o  the  l e f t  

TABLE 2. -CONTROL MODES USED FOR MANEUVERS 

Maneuver Control  mode 

S t r a i g h t  and l e v e l  

Pushover pu l lup  

Normal-acceleration commanded 
windup t u r n  

Angle-of-attack commanded 
windup t u r n  

Rocking horse  

At t i t ude  hold ,  th ro t t le  
c o n t r o l ,  and wings- 
l e v e l  c o n t r o l  

Angle-of-attack c o n t r o l ,  
t h r o t t l e  cont ro1 ,a  and 
wings-level c o n t r o l  

Normal-acceleration c o n t r o l ,  
t h r o t t l e  contro1,b and 
t u r n  c o n t r o l  

Angle-of-attack c o n t r o l ,  
t h r o t t l e  cont ro1 ,a  and 
t u r n  c o n t r o l  

Normal-acceleration c o n t r o l ,  
t h r o t t l e  contro1,b and 
t u r n  c o n t r o l  

~~ 

a N o t  used i n  f i x e d - t h r o t t l e  maneuver. 
bNot used a f t e r  Ps = 0 condi t ion.  
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Figure 1 .  H i m a t  RPRV on Edwards dry 
l akebed .  
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F i g u r e  2 .  Three-view drawing of HiMAT v e h i c l e .  

O?-TGIXAC PAGE IS 
OF POOR QUALIW 



Backup control- 

chase alrcraft 
TF.104Q 

V 
Maneuvering 

fllght test 

- 
ebed at Edwards AFB 
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Figure 18. FTMAP supersonic excess- 
thrust  windup t u r n  a t  nominal con- 
d i t i o n s  of Mach 1.10 and l2,2OO-m 
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Figure  22. FTMAP supersonic thrust- 
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